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ABSTRACT 
The Martin Point section (western Newfoundland, Canada) spans the uppermost 
Cambrian Broom Point and Martin Point members of the Green Point Formation (upper 
Furongian). The investigated interval (~ 90 m) consists of rhythmites of thinly-bedded 
marine carbonates (lime mudstones) alternating with green and black shale and thin 
conglomerate beds. Samples were extracted from the micritic carbonates and their 
preservation was petrographically and geochemically examined. The 13Corg profile 
exhibits a positive shift (~ 2 ‰) associated with the globally well documented negative 
13Ccarb excursion at the HERB (Hellnmaria – Red Tops Boundary) and correlates with 
similar distinct shifts in the Al, Si, and REE components, thus suggesting contributions 
from detrital organic matter relatively depleted in 12C likely induced by an eustatic sea-
level drop and enhanced terrigenous inputs. Similarly, the 15Norg variations are 
consistent with the proposed sea-level drop. This is also correlated with positive shifts on 
the Fe and Mn profiles reflecting overprinting of terrigenous inputs rather than reflecting 
the fluctuations in redox conditions.  
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Chapter 1 
Introduction  
The geochemistry of well-preserved carbonates has been a useful tool for better 
understanding the paleoenvironmental conditions that prevailed during the Earth’s history 
(e.g., Wignall and Twitchett, 1996; Veizer et al., 1999; Halverson et al., 2005; Śilwiński 
et al., 2010). Therefore, primary/near-primary (affected by insignificant alteration) 
signatures are essential factors for paleoenvironmental reconstruction, especially with no 
or poor occurrences of fossils.  
Global sea-level variations during the latest Cambrian not only influenced 
seawater redox conditions and primary productivity (e.g., Landing, 2012; Terfelt et al., 
2012; Landing, 2013; Terfelt et al., 2014; Azmy et al., 2015), but also altered continental 
inputs and, subsequently, the composition of trace elements in marine deposits, which are 
reflected in changes in P, Si, Al, U, Ni, and REE (e.g., Wignall and Twitchett, 1996; 
Murphy et al., 2000; Arnaboldi and Meyers, 2007; Wignall et al., 2007; Piper and 
Calvert, 2009). An increase of oxygen level in seawater is associated with oxidation of 
organic matter and consequently variations in the C ratio in carbon content, in total 
organic content (TOC) contents as well as the C- and N- isotope compositions of the 
organic matter (e.g., Quan et al., 2008; Kump et al., 2011). Changes in redox conditions 
can also be reflected in marine carbonate by the uranium concentrations and Ce/Ce* 
anomalies of marine carbonates (e.g., Towe, 1991; Bau and Dulski, 1996; Ling et al., 
2011; Nakada et al., 2013; Azmy et al., 2015). The investigated interval of Martin Point 
consists of slope rhythmite deposits composed of alternating thinly-bedded lime 
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mudstones and shales that were deposited under dysoxic (suboxic) conditions (e.g., James 
and Stevens, 1986; Landing et al., 2002; Landing, 2013; Azmy et al., 2015, 2018a). 
1.1 Geological Setting  
The Upper Cambrian to Lower Ordovician carbonates of the Martin Point 
Member constitute the lower part of the Green Point Formation, a part of the Cow Head 
Group, in western Newfoundland (within the northeast Canadian Appalachians) where 
they were deposited in a distal slope setting on the eastern Laurentian Margin (Fig. 1.1; 
James et al., 1989). The investigated sedimentary rocks consist mainly of mixed 
siliciclastic-carbonate slope deposits and alternate with deep-water non-carbonaceous to 
carbonaceous organic-rich green, grey and black shales, siltstones, parted and ribbon 
limestones and breccias derived from debris flows (James et al., 1989). The succession 
reflects the sedimentary response to eustatic sea-level fluctuations in the Cambrian, 
which were affected by transgressive-regressive events known as Cambrian grand cycles 
(Lavoie et al., 2012). The Laurentian plate was formed by active rifting around ca. 570 
Ma that produced a wide Iapetus Ocean, rifting continued along the Iapetan margin from 
540 – 535 Ma into the late early Cambrian (ca. 520 Ma) and locally into the Middle 
Cambrian (Cawood et al., 2001; Landing, 2012, 2013; Landing and Webster, 2018), 
resulting in the development of the Laurentian platform covered by clastic sediments 
(James et al., 1989). During the late Cambrian, a major sea-level rise resulted in thick 
transgressive carbonate deposits (Wilson et al., 1992; Landing, 2007) that were swept off 
the shelf to form the on-slope Cow Head Group. The depositional environment on the 
Laurentian platform experienced a high- to low-energy condition from the Late Cambrian 
to the Early Ordovician (Knight et al., 2007; Lavoie et al., 2013). The outcrops of the 
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Green Point Formation are extensive along western Newfoundland and well exposed at 
Martin Point but also occur at Western Brook Pond and St. Pauls Inlet (Fig. 1.1; 
Schuchert and Dunbar, 1934). Earlier studies (e.g., Azmy et al., 2014, 2015; Azmy, 2018 
a, b) showed a high degree of petrographic and geochemical preservation of the 
carbonates, which was supported by a multi-technique approach that examined the 
patterns and relations among many proxies such as Sr, Mn, Ni, 13C, 18O and Th/U.  
 
Figure 1.1 Map of the research area showing the surface geology and the location of the 
Martin Point section (49° 40′ 51″ N; 57° 57′ 36″ W) in western Newfoundland, Canada. 
(modified from Cooper et al. 2001). 
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1.2 Stratigraphy  
1.2.1 Lithostratigraphy  
James and Stevens (1986) have discussed in detail the lithostratigraphy of the 
investigated Martin Point section (Fig. 1.2), which is a part of the Green Point Formation 
of the Cow Head Group. The Green Point Formation is dominated by varying proportions 
of non-calcareous to calcareous green/black shales with ribbon limestone and scarce 
conglomerate beds. The entire succession of Green Point Formation was overturned and 
slightly faulted by later tectonic activity (James and Stevens, 1986), which induced the 
formation of wrinkled limestone fabrics.  
The Green Point Formation includes the Upper Cambrian Martin Point Member 
and the overlying lowermost Ordovician Broom Point Member. The Martin Point 
Member consists of 80 ‒ 100 m of rhythmites of thinly-bedded green and black shale, 
interspersed with thin siltstone and calcareous sandstone bed, alternating ribbon 
limestone (micritic to near-micritic) and thin conglomerate interbeds may also 
occasionally occur. The limestone beds are isolated and up to 20 cm thick. The 
conglomerate beds consist of shallow-water carbonate clasts that were transported into 
deeper-water environments along the slope of the Laurentian margin (James and Stevens, 
1986). The Ordovician Broom Point Member is ~ 80 m thick and dominated by ribbon to 
parted limestone with few siltstone, sandstone, conglomerate and red shale intervals. The 
limestones of the Broom Point Member are thicker and better developed than those in the 
Martin Point Member and composed of mostly lime mudstone with fine-grained peloidal 
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calcarenite. Some of the limestone has been replaced by brown weathering nodular to 
bedded chert (James and Stevens, 1986). 
1.2.2 Biostratigraphy 
The faunal occurrences in the Martin Point section are limited compared to their 
counterparts of the same age in other sections. The investigated section has conodont 
Zones (Fig. 1.2) that include, in ascending order, the Proconodontus muelleri, 
Eoconodontus notchpeakensis, Cordylodus proavs and Cordylodus caboti Zones 
(Ludvigsen, 1982; James and Stevens, 1986; Barnes, 1988; Miller et al., 2014; Azmy, 
2018a).  
The deposits of the Martin Point section contain only two species of graptolites 
(Rhabdinopora flabelliforme and Staurograptus dichotomus) that are found just above the 
base of the Broom Point Formation (Barnes, 1988). The occurrences of R. cf. 
praeparabola, R. cf. parabola, and Aletograptus were documented by Erdtmann (1971) 
on the top of the Broom Point Member. Trilobites are rare at Martin Point, only Hungia 
magnifica found in the basal beds (Barnes, 1988). 
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Figure 1.2 Stratigraphic framework of the investigated Martin Point section in western 
Newfoundland, Canada, illustrating bed number and detailed measured positions of 
investigated samples and conodont zonation scheme (Barnes, 1988). Abbreviations: ORD 
= Ordovician; MH and MP = sample ids; C. proavus = Cordylodus proavus; C. caboti = 
Cordylodus caboti; Tremad = Tremadocian. 
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1.3 Paleoenvironmental Geochemical Proxies 
1.3.1 Organic C- and N- Isotopes and Total Organic Content (TOC) 
Stable isotopes have been found to be reliable proxies of paleoenvironmental 
changes. In the current study, stable isotopes are applied to understand the changes in 
primary productivity, which is influenced by the oxygen budget of ocean, light intensity, 
nutrients, and terrestrial inputs (Bernasconi, 1997; Quan et al., 2008; Herrmann et al., 
2012, Quan et al., 2013; Azmy et al., 2015).  
Carbon is the primary element in the biosphere and exists in the lithosphere 
(sedimentary rocks, atmosphere and hydrosphere). Biochemical reactions, such as in 
plants and bacteria, prefer 12C and therefore organic matter becomes variably depleted in 
13C depending on the degree of primary productivity and photosynthesis (Schidlowski et 
al., 1984). Accordingly, the range of 13Corg could identify the type of plant (marine vs. 
terrestrial) and origin of organic matter (Chi et al., 2013, Bianchi et al., 2018). Therefore, 
the 13Corg profile could reflect the abundance in photosphere and the primary 
productivity changes (Kump et al., 2011; Jiang et al., 2012). The TOC contents can also 
be used as a proxy of marine organic productivity and degree of terrestrial input as well 
as eustatic sea-level changes (associated with changes in redox conditions) particularly 
when combined with corresponding signatures of other geochemical proxies, such as  
trace elements contents as well as values of C- and N- isotope (Azmy et al., 2015).  
Nitrogen is an important nutrient in ecological systems and therefore the 14N 
values are widely used as a proxy of paleoenvironmental redox conditions. The nitrogen 
isotope cycle is mainly controlled by three processes: nitrogen fixation, nitrification, and 
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denitrification, which are sensitive to, or dependent on, redox conditions (Falkowski, 
1997; Fennel et al., 2005; Quan et al., 2013). The fixation of nitrogen is a conversion of 
atmospheric N2 into ammonia NH
4+ by many kinds of bacteria and characterized by an 
insignificant fractionation of N-isotopes (Quan, 2008). Nitrification is a process that 
produces nitrate (NO3-), which is derived from NH4+ released from reduced organic N in 
oxic conditions (Ward et al., 1982, Yool et al., 2007), which is associated with 
considerable fractionation of N-isotopes (Casciotti, 2009, 2016). Denitrification is the 
reduction of nitrate (NO3-) to N2 under anoxic conditions and is associated with a 
significant fractionation that leaves residual sediments enriched in 15N (Quan, 2013).  
1.3.2 Trace Elements  
1.3.2.1 Iron and Manganese Geochemistry 
Iron (Fe) is the most abundant redox-sensitive element in the geologic past as it 
interacts with carbon, sulfur, phosphorus, and other trace elements in marine sediments 
(Raiswell and Canfield, 2012). Under reducing condition, reactive Fe oxides are reduced 
and buried as Fe(Ⅱ) sulfides, Fe(Ⅱ) carbonate and Fe(Ⅱ) phosphates in different 
diagenetic environments (Aller et al., 2004; Egger et al., 2015). Under oxic condition, 
through biogenic or abiogenic oxidation, Fe(Ⅱ) is oxidized to Fe(Ⅲ) and forms Fe(Ⅲ) 
oxides which play an important part in organic carbon sorption and preservation against 
microbial degradation in sediment (Ma et al., 2018), especially at pH ~ 8 (seawater pH = 
7.5 – 8.4; Pham et al., 2006; Chester and Jickells, 2012). Thus, the concentration of 
dissolved Fe(Ⅱ) is low in oxic marine environments. On the other hand, terrigenous 
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materials in riverine inputs are also a source of Fe(Ⅱ) and may cause Fe concentrations to 
increase intensively in marine sediments (Govin et al., 2012).  
Manganese (Mn) is also a proxy of redox condition. It is a micronutrient for all 
organisms and exerts an important influence on photosynthesis (Gavalas and Clark, 
1971). Under oxic conditions, Mn mostly exists as soluble Mn(Ⅱ), which is converted to 
insoluble Mn oxides or lost by sinking (Sunda et al., 1983; Calvert and Pedersen, 1993) 
while Mn(Ⅱ) is oxidized and forms Mn(Ⅲ, Ⅳ) minerals through biotic or abiotic process 
(Tebo et al., 2004). Under reducing condition, Mn oxides are reduced and the released 
Mn(II) form Mn-rich sediments, which results in a high concentration of Mn in carbonate 
(Aguilar and Nealson, 1994). 
1.3.2.2 Silicon and Aluminum Geochemistry 
Aluminum (Al) and silicon (Si) are proxies of the terrigenous material transported  
to seawater through riverine fluvial processes (Zhao et al., 2014; Ganai et al., 2018) and 
are sensitive to climate changes, such as aridity, variation in sea level and continental 
precipitation (Milliman et al., 1975; Milliman and Syvitski, 1992; Govin et al., 2012). 
Also, Al is broadly used to calibrate Fe, Mn and Ti concentrations for excluding 
terrigenous influence (Yarincik et al., 2000; Pattan et al., 2013; Clarkson, 2014) and 
identify their sources. Generally speaking, the Mn/Al and Fe/Al ratios in the upper 
continental crust are 0.0075 and 0.44, respectively (Mclennan, 2001). If Mn/Al and Fe/Al 
ratios are greater than the upper continental crustal values, they indicate the occurrence of 
unsupported Mn and Fe in the form of Fe-Mn oxy-hydroxides, which reflect dominant 
oxic conditions (Pattan et al., 2013). On the other hand, if the ratios of Mn/Al and Fe/Al 
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are under those values, they reflect suboxic-anoxic conditions. Si concentration is widely 
used to reflect terrigenous influences, and the correlations between SiO2, Al2O3, K2O and 
CaO could indicate sediment origin (Ganai et al., 2017).  
1.3.2.3 Strontium Geochemistry  
Strontium (Sr) has been used as a proxy to indicate carbonate diagenetic 
environments and the hydrological cycle changes (Holland et al., 1964, Kinsman, 1969; 
Banner, 1995). The Sr values exhibit a wide range in diagenetic carbonates, ranging from 
20 ppm to 10000 ppm (Gregg and Shelton, 1989; Kimbell and Humphrey, 1994), which 
are mainly influenced by fluid-rock interaction, subaerial weathering flux from land 
masses, and submarine hydrothermal flux from oceanic crust (Derry et al., 1992). And sr 
is well known to be depleted during diagenesis of carbonates, therefore, it could be used 
to evaluate the degree of carbonate preservation (e.g., Azmy et al., 2001, 2012; Azmy and 
Lavoie, 2009; Veizer, 1983).  
1.3.2.4 Phosphorus Geochemistry 
Phosphorus (P) is a significant nutrient for marine ecosystems and has been used 
as a proxy to reflect biological productivity on geological time scales (e.g. Broecker and 
Peng, 1982). It is mainly used to reconstruct long-term feedback mechanisms between 
climate, environment, and ecology (Föllmi, 1996). As to biogeochemical reactions during 
diagenetic processes, phosphorus occurs in two forms, reactive and non-reactive. The 
precipitation of reactive P is always mediated by precipitating organic matter (OM) and 
iron oxides, which have the ability to absorb phosphate (PO4
3−). Thus, most phosphate is 
transferred to the deep ocean in the form of aggregated organic matter or inorganic 
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phosphate through oxidation, and then reintroduced to the photic zone by upwelling 
(Defforey and Paytan, 2018; Gao et al., 2018). The non-reactive P is mainly derived from 
detrital input and only represents a small portion of the total P pool (e.g. Ruttenberg and 
Berner, 1993; Filippelli and Delanrey, 1996).  
1.3.2.5 Nickel Geochemistry 
Nickel (Ni), a biologically active element, is widely used to reflect 
bioproductivity and indicates variations in terrigenous influx (Boyle and Edmond., 1976; 
Śliwiński et al., 2010; Azmy, 2018a). Earlier studies (Bruland, 1980; Ragsdale, 2009) 
suggest that Ni is significantly correlated with other major nutrients like phosphate and 
silica. The Ni content is mainly dominated by two processes: the sorption by Fe-Mn 
oxides under oxic conditions and the precipitation in sediments coupled with the 
existence of sulfide under anoxic conditions (e.g. Peacock and Sherman, 2007; Gall et al., 
2013; Vance et al., 2016; Ciscato et al., 2018)  
1.4 Rare Earth Elements (REE) 
Rare earth elements (REE) have been used to determine marine environments 
because the distribution of these elements is sensitive to water depth, salinity and oxygen 
level (Piepgras and Jacobsen, 1992; Frimmel, 2009; Hua, 2012). Continental crust is the 
main source of REEs, whereas the riverine input and atmospheric flux are the dominant 
carriers into ocean (Ryu et al., 2007, Hagedorn et al., 2011). Therefore, REE distributions 
in marine water is primarily controlled by terrigenous source and transportation 
mechanisms (Alibo and Nozaki, 2004). Through fluvial transportation, REEs are 
influenced by the quantity of colloidal particulates (Hannigan et al., 2010). The dissolved 
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organic carbon (DOC) and pH value also exist partly influence on REE concentration in 
sediments during deposition process (Gaillardet et al., 2003). Winds can also carry the 
terrestrial dust containing REEs into marine water (Nozaki, 2001). However, aeolian 
input mainly influence REE concentrations on the surface of water, the impact of which 
decreases significantly within water depth (Zhang and Nozaki, 1998; Alibo and Nozaki, 
2004). Several other conditions are also suggested to impact the concentration of REE, 
including erosion of volcanic islands (Sholkovitz and Szymczak, 2000), remineralization 
of the bottom sediments (Alibo and Nozaki, 2004), hydrothermal fluids (Schmidt et al., 
2010) and submarine groundwater discharge (Johannesson et al., 2011).  
1.5 Cerium (Ce) Anomalies  
Cerium (Ce) anomalies have been found to reflect redox conditions due to the 
variable valence and solubility of Ce under different oxygen levels. Under oxic 
conditions, Ce(Ⅲ) is oxidized to Ce(Ⅳ) which is less soluble in marine water and 
becomes absorbed on particle surfaces, leading to negative Ce anomalies in marine 
carbonates (German and Elderfield, 1990; Bau and Dulski, 1996). However, the Ce 
anomalies in seawater and marine sediments are complicated and impacted by anomalous 
abundances of lanthanum (La; Bau and Dulski, 1996). Therefore, the Ce anomaly 
(Ce/Ce* ratio) is calculated as [(Ce/Ce*)SN = CeSN/(0.5LaSN + 0.5PrSN)] and is used to 
eliminate the influence from La enrichment (SN = shale normalized). In anoxic and 
suboxic environments, Ce(Ⅳ) is reduced to Ce(Ⅲ) which is released and becomes 
soluble in marine water, resulting in a positive excursion in Ce anomalies (German and 
Elderfield, 1990). Therefore, when the Ce/Ce* > 1 is a positive anomaly and suggests an 
oxidized environment, whereas a Ce/Ce* < 1 indicates a reducing condition (Elderfield et 
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al., 1981; Pattan et al., 2005). Beyond that, Ce/Ce* = 1 may symbolize terrigenous 
dominated sediment (Nath et al., 1992).  
1.6 Th/U Ratio  
Uranium concentration in marine sediments has been widely used to reflect paleo-
redox depositional environments (Algeo and Maynard, 2004; Tribovillard et al., 2006; 
Algeo and Rowe, 2012; Azmy et al., 2015). Under oxic conditions, uranium ions are in a 
high-valence state U(Ⅵ) and exist as uranyl carbonate complexes UO2(CO3) 3
4− which 
are soluble in water. On the contrary, in anoxic or suboxic conditions, reduced U(Ⅳ) ions 
form insoluble uranous fluoride which is absorbed in marine carbonates (Wignall and 
Twitchett, 1996). Unlike U, Thorium (Th) is not affected by redox conditions and stays in 
the insoluble Th(Ⅳ) state (Anderson et al., 1989). Thus, the Th/U is a reliable paleo-
redox proxy, with a Th/U ratio below 2 occurring in reducing marine sediments, between 
2 and 7 in oxic marine sediments, and in excess of 7 under intensely oxidizing terrestrial 
environments (Wignall and Twitchett, 1966).  
Although diagenesis may significantly alter the geochemical composition of 
carbonate through burial history, the micritic to near-micritic carbonate may still retain at 
least their near-primary contents of Th and U because they are heavy elements and not 
easily enriched or depleted during diagenesis, (such as Sr, Fe, or Mn), particularly at low 
water/rock interaction ratios. Accordingly, if the variations of the Th/U in the altered 
rocks cannot be interpreted for their absolute values, their relative variations across the 
profile may still reflect changes in redox conditions. 
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1.7 Objectives 
(1) to investigate the C- and N- isotope compositions of the organic matter in the 
lime mudstones interbeds to better understand the control of sea-level change on their 
signatures, and therefore the potential as paleoredox proxies during the late Cambrian, 
particularly the HERB Event which is a distinct negative excursion of 13Ccarb during the 
Late Cambrian. And to reconstruct the global paleoenvironmental changes (climatic and 
oceanographic) that dominated during that time interval (Ripperdan et al., 1993; 
Buggisch et al., 2003; Miller et al., 2014; Li et al., 2017) and  
(2) to investigate the influence of sea-level changes on the trace element 
geochemistry of the seawater and consequently changes in terrestrial inputs and primary 
productivity. 
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Chapter 2 
Methodology 
A multi-technique approach has been applied to investigate and reconstruct the 
paleoenvironmental variations across late-Cambrian to early-Ordovician Martin Point 
carbonates. Fifty-one samples were collected from outcrop at high resolution (sampling 
intervals as small as 10 cm; Fig. 1.2) mainly from the upper Martin Point Member at 
Martin Point (49° 40′ 51″ N; 57° 57′ 36″ W) in western Newfoundland (Fig. 1.1). 
Samples were thin sectioned for petrographic examinations and mirror-image slabs from 
each thin section were polished for micro-sampling. The slabs were cleaned by deionized 
water and dried overnight in the oven at 50℃ in order to isolate the finest grained lime 
mudstone (micrites) from secondary cements and other contaminants. Since Alizarin 
Red-S could stain aragonite, calcite, witherite, and cerussite, but not stain dolomite, and 
patassium ferricyanide could precipitate if Turnbull’s blue encounters with ferrous iron 
(Dickson, 1966), thin sections were stained with a mixture of both solutions to 
differentiate between dolomicrite and lime mudstones. Petrographic analyses (optical 
microscope and cathodoluminoscope) were used for preliminary evaluation of 
petrography, which was needed before micro-sampling for geochemical analyses (C- and 
N- isotope, trace elements and rare earth elements).  
2.1 Optical Microscopy and Cathodoluminoscopy  
Thin sections were observed under a Nikon Eclipse E600POL microscope to 
select the most micritic (<10 μm) and laminated lime mudstone interbeds in order to 
avoid the influence from allochthonous clasts, dolomites and recrystallized carbonate. 
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Guided by the 13Ccarb profile of Azmy (2018a), the most micritic samples were selected 
at higher resolution (Appendix 1), particularly from the interval that spans the peak of the 
negative excursion of the HERB event (Figure 2 in Azmy, 2018a), for organic 13C and 
15N and inorganic elemental measurements (Fig. 1.2). Polished thin sections were 
examined under CL by using a Technosyn 8200 MKII cold cathode instrument operated 
at 8 kV accelerating voltage and 0.7 mA current.  
Cathodoluminescence (CL) is the visible light emitted by solid minerals due to 
irradiation with cathode rays caused by high-energy electron bombardment. When a 
crystal is bombarded by electrons loaded with enough energy, the electrons gain energy 
and move from ground state shells to higher energy counterparts. Because the reached 
high energy condition is not stable, electrons will be temporarily captured by electron 
traps. When they attempt to return to ground state, they emit the gained energy (quanta) 
in the form of photons. The wavelengths of photons emitted by most minerals are within 
the visible-light range, but emissions can also occur in the ultraviolet and infrared spectra 
(Boggs and Krinsley, 2006). These electron traps are divided into intrinsic and extrinsic. 
Intrinsic traps are characteristic of the crystal lattice and extrinsic traps result from 
impurities, such as the transition elements (rare earth elements-REE), which are the most 
common source of CL in minerals (Azomani et al., 2013) .Some ions of trace elements 
like Mn2+, Pb2+, Cu2+, Zn2+ and REE are activators which could promote CL in a mineral. 
On the contrary, other elements such as Fe2+, Ni2+ and Co2+ are common quenchers that 
inhibit CL (Machel, 1985). However, in carbonates, the intensity of CL could be altered 
by the ratio of Mn2+/Fe2+ (Boggs and Krinsley, 2006). Thus, CL in a mineral is dependent 
on compositions of minerals, crystal structure and extrinsic elements (Parish and Russell, 
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2007). It can provide valuable information about the cement phases in order to 
reconstruct diagenetic history (e.g., Sippel, 1968; Sprunt and Nur, 1979; Burley et al., 
1989; Rush and Chafetz, 1990; Machel and Burton, 1991; Machel, 2000), and can allow 
for a better understanding of the redox conditions of precipitation through Mn and Fe 
contents of calcite (Frank et al., 1982; Barnaby and Rimstidt, 1989).  
The most micritic samples were selected at investigated interval (Appendix 1), 
particularly from the interval that spans the peak of the negative excursion of the HERB 
event (See Azmy, 2018a, Fig. 2), for trace element and organic 13C and 15N 
measurements (Fig. 1.2). 
2.2 Trace Elements and Rare Earth Elements 
For elemental analysis, 25 samples (10 mg each) were extracted by a slow-speed 
microdrill under a binocular microscope and were processed in 5 % (v/v) acetic acid for 
70 - 80 minutes and measured by an Elan DRC II ICP-MS (Perkin Elmer SCIEX) at 
Memorial University of Newfoundland to measure major and trace elements including 
rare earth elements (REEs). The uncertainty is better than 5 % and the results are 
calibrated to 100 % carbonate basis (e.g. Veizer et al., 1999). The Ce anomaly (Ce/Ce*) 
was calculated based on the equation [(Ce/Ce*)SN = CeSN/(0.5LaSN + 0.5PrSN)] (Bau and 
Dulski, 1996). The REE concentrations were normalized to Post Archean Australian 
Shale (PAAS; Mclennan, 1989). 
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2.3 Stable C- and N- Isotopes 
For TOC and organic C- and N- isotope analysis, ~ 7 to 15 grams of powder were 
digested in 20 % (v/v) HCl repeatedly to remove carbonates. The remaining residue was 
separated by centrifugation and decantation and washed with deionized water at least 3 
times. Samples were subsequently dried overnight at ~ 40 ℃. The 13Corg values were 
measured through a Carlo Erba Elemental Analyzer (EA) coupled with a Thermofinnigan 
DELTA V plus isotope ratio mass spectrometer. The TOC values were calculated from 
the peak area of the individual analyses based on mass. The results (σ < 0.25) were 
calibrated by the standards L-glutamic acid (13CVPDB = − 26.74 ± 0.06 ‰ VPDB), SPEX 
CaCO3 (13CVPDB = − 21.02 ± 0.10 ‰ VPDB), Suprapur CaCO3 (13CVPDB = − 40.11 ± 
0.15 ‰ VPDB) and B2153 low org soil (13CVPDB = − 26.71 ± 0.24 ‰ VPDB). For 
15Norg, values were measured by a VARIO ISOTOPE CUBE (ELEMENTAR) 
connected to a Thermofinnigan DELTA V plus isotope ratio mass spectrometer at the 
isotope laboratory of Memorial University of Newfoundland. The results (σ < 0.15) were 
normalized to the standards IAEA-N-1 (15Nair = 0.43 ± 0.07 ‰ air), IAEA-N2 (15Nair = 
20.32 ± 0.09 ‰ air) and B2151 high-organic sediment (15Nair = 4.35 ± 0.20 ‰ air).  
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Chapter 3 
Results 
The investigated Martin Point section spans two main intervals: the HERB event 
of the late Cambrian (e.g., Miller et al., 2014) and the Cambrian–Ordovician boundary 
(e.g., Azmy et al., 2014; 2015). Table 3.1 summarizes the statistics of the geochemical 
results of the investigated Martin Point lime mudstones and the detailed values are listed 
in Appendix 1. The mean values of the investigated geochemical proxies of both intervals 
(Table 3.1) are almost comparable although the profiles of most of the proxies show 
relatively faster and sharper fluctuations during the Cambrian–Ordovician boundary 
(Azmy et al., 2015) compared to those across the HERB event. The geochemical 
variations across the Cambrian–Ordovician boundary have been discussed in detail by 
Azmy et al., (2014, 2015) and therefore the focus of the current study will be on the 
geochemistry of the carbonates of the interval spanning the HERB event.  
3.1 Petrography  
Petrographic examinations of all samples show that the selected samples are 
dominated by fabric retentive micritic (< 4 μm) to near-micritic (~ 10 μm) lime 
mudstones that are occasionally cut by fractures filled with burial cements. They appear 
dull to non-luminescent under CL (Fig. 3.1 a ‒ b). 
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Figure 3.1 Photomicrographs of the investigated carbonates showing (a) micritic lime 
mudstones (Sample MP 28) cut by fracture filled with a late burial cement (under plane 
polarized) and (b) CL image of (a) showing dull to non-CL micritic lime mudstone and 
cement. (c) micritic lime mudstones (Sample MH 8; under plane polarized) (d) CL image 
of (c) showing dull luminescence.  
3.2 Trace Elements and REE 
Table 3.1 summarizes the statistics of paleoenvironmental proxies of the 
investigated samples from Cambrian–Ordovician (Є ‒ O) boundary and HERB intervals 
such as AL, Si, P, Fe, Mn, Ce/Ce* and REE and the detailed values are listed in 
Appendix 1. The concentrations of elements have generally comparable mean values 
throughout the entire section.
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Table 3.1. Summary of statistics of isotopic and elemental geochemistry for the investigated lime mudstones of the Martin Point 
section. Ni and Th/U data are produced from Azmy (2018a). 
 
13Corg 
(‰ VPDB) 
wt. % 
TOC 
15Norg 
(‰ Air) 
P 
(ppm) 
Ni 
(ppm) 
Sr 
(ppm) 
Ce/Ce* Th/U 
REE 
(ppm) 
Si 
(ppm) 
Al 
(ppm) 
Mn 
(ppm) 
Fe 
(ppm) 
Mn/Al Fe/Al 
Entire investigated interval 
n 47 47 27 25 25 25 25 24 25 25 25 25 25 25 25 
Mean -29.0 0.1 3.0 141.8 3.5 324.5 0.9 1.1 46.7 2563.2 1528.8 359.8 2360.7 0.3 1.6 
Stdev 0.8 0.1 1.0 40.5 1.8 192.3 0.1 1.3 23.0 1085.7 904.4 159.5 1772.2 0.2 0.8 
Max -27.1 0.7 5.0 251.9 8.5 979.8 1.0 5.1 95.1 5111.7 3546.7 648.6 6900.3 0.9 4.5 
Min -30.5 0.0 0.8 85.3 1.4 151.5 0.7 0.1 18.0 1245.7 611.0 141.6 784.9 0.1 0.4 
Cambrian–Ordovician boundary 
n 11 11 6 8 8 8 8 7 8 8 8 8 8 8 8 
Mean -28.6 0.2 2.9 141.2 2.4 257.7 0.9 0.5 42.5 2872.0 1725.3 316.3 1974.5 0.2 1.2 
Stdev 0.7 0.1 1.1 32.0 0.6 49.0 0.1 0.2 25.8 1331.8 1144.9 195.0 1573.0 0.2 0.4 
Max -27.1 0.5 4.1 180.4 3.4 301.3 0.9 0.7 79.3 5111.7 3546.7 648.6 5594.1 0.6 1.6 
Min -29.6 0.0 1.0 93.2 1.4 151.5 0.8 0.3 18.0 1393.7 633.9 141.6 905.9 0.1 0.4 
HERB interval 
n 36 36 21 17 17 17 17 17 17 17 17 17 17 17 17 
Mean -29.1 0.1 3.0 142.0 4.1 355.9 0.8 1.4 48.6 2417.9 1436.3 380.2 2542.5 0.3 1.7 
Stdev 0.7 0.1 1.0 44.8 1.9 226.1 0.1 1.5 22.2 960.3 790.5 141.9 1875.8 0.2 0.8 
Max -27.8 0.7 5.0 251.9 8.5 979.8 1.0 5.1 95.1 4478.2 3202.3 571.5 6900.3 0.9 4.5 
Min -30.5 0.0 0.8 85.3 1.9 165.0 0.7 0.1 24.6 1245.7 611.0 150.0 784.9 0.1 1.1 
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The Sr concentrations in the investigated Martin Point succession vary between 
152 and 980 ppm and those of Fe and Mn range from 785 to 6900 ppm and from 142 to 
649 ppm respectively. The Fe and Mn values have very poor correlation (R2 = 0.01; Fig. 
3.2a) and they show weak to poor correlations with those of Sr (R2 = 0.01 and 0.04, 
respectively; Fig. 3.2b, d). The Al and Si concentrations vary from 611 to 3547 ppm and 
from 1246 to 5112 ppm, respectively. Although Al poorly correlates with Sr (R2 = 0.13; 
Fig. 3.2c), it exhibits a strong correlation with those of the Si (R2 = 0.67; Fig. 3.2e).  
The mean values of P (141.2 and 142.0 ppm, respectively) and Ce/Ce* (0.9 and 
0.8, respectively) between two aimed intervals are nearly the same, whereas the mean 
values of Ni, Sr, Mn, Fe, Th/U, Mn/Al and Fe/Al from the HERB interval are slightly 
higher. Additionally, Si and Al counterparts are slightly higher in the Є ‒ O boundary 
carbonates (Table. 3.1).  
Generally speaking, the mean Ce/Ce* and Th/U values of the Є ‒ O boundary 
carbonates at Martin Point are comparable to those of the counterpart interval in Green 
Point (Azmy et al., 2014; 2015). However, Mn, Sr, P and REE contents of the Martin 
Point (316 ± 195, 258 ± 49, 141 ± 32 and 43 ± 26 ppm, respectively) are lower than their 
counterparts of the Green Point (392 ± 220, 271 ± 74, 413 ± 1165, 67 ± 6 ppm, 
respectively) although the Al and Si value at Martin Point (1725 ± 1145 and 2872 ± 1332 
ppm) is obviously higher than those value at Green Point (1093 ± 1552 and 1918 ± 2493 
ppm; Azmy et al., 2014; 2015).  
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Figure. 3.2 Scatter diagrams showing insignificant correlations of (a) Mn with Fe, as 
well as Sr with (b) Fe, (c) AL, and (d) Mn, and significant correlation of (e) Si with Al.  
The profiles of the investigated elements (Fig. 3.3) exhibit distinct variations 
associated with the stratigraphic interval that spans the peak of the HERB event (Azmy, 
2018a).
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Figure. 3.3 The profiles of 13Ccarb, 13Corg, TOC, 15Norg, P, Ni, Sr, Ce/Ce*, Th/U, Mn, Fe, REE, Si and Al across the HERB event 
in Martin Point section. The 13Ccarb, Th/U and Ni profiles are reproduced from Azmy (2018a). The highlighted horizon (grey band) 
marks the peak area of the HERB 13Ccarb profile.
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3.3 Organic C- and N- Isotopes 
The total organic content (TOC) of the entire investigated Martin Point section 
varies between 0.02 and 0.73 wt. % (0.1 ± 0.1 wt. %) and 13Corg ranges from − 30.5 to − 
27.1 ‰ VPDB (− 29.1 ± 0.7 ‰ VPDB; Table 3.1). TOC and 13Corg exhibit insignificant 
correlations (R2 = 0.11, Fig. 3.4a). The 13Corg profile exhibits a positive shift (~ 2 ‰) 
that correlates with a slight decrease in the TOC (Fig. 3.3), which is also correlated with 
the HERB 13Ccarb excursion documented by Azmy (2018a) from the same investigated 
samples.  
The 15Norg values range between + 0.8 ‰ and + 5.0 ‰ (3.0 ± 1.0 ‰ air; Table 
3.1), which have a slightly wider spectrum than that documented for the present-day 
Black Sea sediments (~ 2.5 ‰ to 3.6 ‰; Fry et al., 1991; Çoban-Yıldızetal et al., 2006) 
and 15Norg exhibit a general insignificant correlation with TOC (R2 = 0.18; Fig. 3.4b). 
The 15Norg profile shows a parallel variation with that of the 13Corg and also exhibits a 
comparable positive excursion (~ 2 ‰; Fig. 3.3) associated with the stratigraphic level of 
the HERB event (Azmy, 2018a). The mean 15Norg value of the HERB interval of the 
Martin Point carbonates (3.0 ± 1.0 ‰) is slightly higher than that of the Є ‒ O boundary 
carbonates (2.9 ± 1.1 ‰) whereas the 13Corg and TOC values are lower (Table 3.1).  
By comparing the signatures of 13Corg, 15Norg and TOC of the Є ‒ O boundary 
carbonates from Martin Point with those from their age-equivalent counterparts at the 
Green Point (GSSP) section (Azmy et al., 2015), the mean values of 15Norg are nearly 
equal (2.9 ± 1.1 ‰ at Martin Point vs. 2.8 ± 1.5 ‰ at Green Point), the 13Corg value at 
Martin Point (− 28.6 ± 0.7 ‰ of Martin Point here) is slightly lower (− 27.8 ± 1.1 ‰ in 
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Green Point), whereas the TOC value at Martin Point is remarkably lower (0.2 ± 0.1 
wt. % in Martin Point vs. 0.6 ± 0.5 wt. % in Green Point).  
 
Figure. 3.4 Scatter diagrams showing insignificant correlations of (a) 13Corg and (b) 
15Norg with TOC. 
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Chapter 4 
Discussion 
4.1 Diagenetic Influence  
The preservation of the investigated samples has been discussed in detail by 
Azmy (2018a) and is summarized below. Petrographic examination indicated that that the 
samples are dominated by lime mudstones with almost pristine sedimentary fabrics and 
insignificant recrystallization (Fig. 3.1). The grain size is mainly micritic to near-micritic 
(≤ 10 μm), suggesting a high degree of textural preservation and the limestone exhibit 
dull to no luminescence (Fig. 3.1). Luminescence in carbonates is activated by the 
enrichment of Mn but, on the contrary, quenched by high concentrations of Fe (Machel 
and Burton, 1991). Thus, the dull and non-CL images have to be interpreted with caution 
because they may reflect geochemical preservation or enrichment of Fe by diagenetic 
alteration (Rush and Chafetz, 1990). However, the investigated lime mudstones are 
known to have precipitated in a slope setting of lower oxygen compared with that of 
shallow environment and therefore expected to be relatively more enriched in Fe and/or 
Mn (Morrison and Brand, 1986; Azmy, 2018a). Therefore, CL is a preliminary evaluation 
tool that should be combined with other signatures (such as correlation between Sr and 
13Ccarb) to confirm sample preservation (Brand et al., 2011).  
Progressive burial of sediments is associated with an increase in temperature 
(>50o C), which results in thermal degradation of organic matter and a decrease in the 
TOC values (Azmy et al., 2015). This is also associated with an increase in 15Norg and 
13Corg values since 12C- and 14N- enriched organic compounds are released from 
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limestone (e.g. Saino and Hattori, 1980; Popp et al., 1997; Faure and Mensing, 2005;). 
The 13Corg values of the Martin Point carbonates show an insignificant correlation (R2 = 
0.11) with their TOC (Fig. 3.4a) which argues against the scenario of organic matter 
degradation and is consistent with the petrographic evidence of preservation of the 
micritic fabric, thus supporting the preservation of the 13Corg signatures. Similarly, the 
poor correlation (R2 = 0.18; Fig. 3.4b) between the 15Norg and TOC values supports at 
least near-primary 15Norg signatures. 
Diagenetic alteration through water/rock interactions during burial of carbonates 
is known to deplete some elements such as Sr but enrich others such as Mn, Fe, and Al. 
The Sr is poorly correlated with Fe, Al, Mn and 13Ccarb (R2= 0.01, 0.04, 0.13 and 0.0002, 
respectively; Fig. 3.2b – d, 3.5a), which suggests an insignificant alteration by diagenesis. 
Microbial lime mudstones have been documented on Paleozoic slope settings at depths 
down to 300 m (e.g., Della Porta et al., 2003), which suggests that the investigated slope 
carbonates of the Martin Point section (James and Stevens, 1986; Landing, 2013) might 
have had contributions from in situ lime muds (James and Stevens, 1986; Landing, 2013; 
Azmy, 2018a) through microbial mediation (e.g., George, 1999; Della Porta et al., 2003; 
Bahamonde et al., 2007; Schlager, 2005; Bartley et al., 2015). Slope settings have 
oxygen-poor (dysoxic) conditions (Azmy, 2018a) compared with those of oxic shallow-
water settings and this may explain their enriched Mn and Fe contents (360 ± 160 ppm 
and 2361 ± 1772 ppm, respectively). Contaminations from hidden microrhombic 
bacterial pyrite during micro-sampling might have also contributed to the Fe 
measurements. Thus, Mn and Fe concentrations are not the ideal proxies of diagenesis for 
slope carbonates, but yet they still exhibit insignificant correlations with their Sr 
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counterparts in the investigated limestones (Fig. 3.2b ‒ c). Azmy (2018a) indicated that 
the correlation between the Sr and 18Ocarb values is also poor (R2 = 0.02; Fig. 3.5b), 
suggesting a high degree of preservation of the geochemical signatures (at least near 
primary), which is supported by the fabric retention and micritic to near-micritic grain 
size of the investigated lime mudstones (Fig. 3.1). The strong correlation between Si and 
Al (R2 = 0.67; Fig. 3.2e) may reflect an influence of terrigenous input possibly during a 
sea-level drop, which is consistent with the sea-level variations documented by earlier 
studies (e.g., Miller et al., 2011; Azmy, 2018a)  
 
Figure 3.5 Scatter diagrams, reproduced from Azmy 2018a, showing insignificant 
correlations of Sr with (a) 13Ccarb and (b)  18Ocarb.  
4.2 Elemental Variation 
Variations in eustatic sea-level not only influence the redox conditions and 
organic productivity but also the input of terrigenous sediments and nutrients in the 
ocean, which is reflected in the associated changes in the concentrations of trace elements 
in marine sediments (e.g., Cowan and James, 1993; Wignall and Twitchett, 1996; Kimura 
et al., 2005; Arnaboldi and Meyers, 2007; Piper and Calvert, 2009; Śliwiński et al., 2010; 
Dickson et al., 2011). An earlier study (Azmy, 2018a) documented a noticeable negative 
13Ccarb excursion (~ 3 ‰), associated with sea-level changes (Miller et al., 2011), that 
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peaks at the base of the Eoconodontus notchpeakensis conodont Zone near the bottom of 
bed 6 (Fig.3.3). Phosphorus and Ni have been proven to be reliable proxies of 
bioproductivity whereas Ce/Ce*, Th/U, Fe and Mn contents are used to reflect  
paleoredox condition (e.g., Hatch and Leventhal, 1992; Wignall and Twickett, 1996; Rue 
et al., 1997; Morel et al., 2004; Tribovillard et al., 2006; Arnaboldi and Meyers, 2007; 
Śliwiński et al., 2010). Aluminum and Si reflect the influence of terrestrial input in 
oceans (e.g., Govin et al., 2012; Zhao and Zheng, 2014). The biodiversity is expected to 
be lower in the slope settings compared to other deposition environments (James and 
Stevens, 1986), where the investigated Martin Point carbonates were deposited, 
particularly near the lower boundary of the photic zone and during the early Paleozoic 
when the evolution and abundance of shelly marine biota were relatively lower than 
present day.  
Aluminum, Si, and total REE (REE) are enriched in continental crustal rocks 
and they are therefore proxies of the terrigenous inputs in oceans (e.g., Veizer, 1983; 
Śliwiński et al., 2010; Tripathy et al., 2014). Their profiles, from the Martin Point 
section, exhibit parallel positive excursions (Fig. 3.3) that are correlated with the HERB 
negative 13C excursion (Fig. 3.3) documented by Azmy (2018a). The peak of the HERB 
13C excursion was associated with a sea-level drop (Miller et al., 2014; Azmy, 2018a), 
which most likely led to enhanced terrigenous input and resulted in enrichment of Al, Si 
and REE in ocean water and also during precipitation of marine carbonates. Nickel is a 
micronutrient and also a proxy of bioproductivity and is captured by the organic matter in 
the water column (e.g., Calvert and Pedersen, 1993; Śliwiński et al., 2010). An earlier 
study (Azmy, 2018a) indicated that no diagenetic overprint seems to have influenced the 
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Ni signatures in the investigated Martin Point carbonates (Azmy, 2018a). The Martin 
Point Ni profile (Azmy, 2018a) shows a positive excursion parallel to those exhibited by 
Al, Si and REE (Fig. 3.3) and also correlates with the HERB 13C excursion, which 
supports the scenario of increased nutrients through terrigenous inputs during the sea-
level drop before it resumed rising.  
The concentration of P (141.8 ± 40.5 ppm, Table 3.1; Appendix 1) does not 
change considerably throughout the investigated interval but the P profile exhibits a 
relative enrichment (251.9 ppm, MH5, Appendix 1) immediately below the peak of the 
HERB negative 13C excursion (Fig. 3.3) with concentrating decreasing again until they 
approach the Cambrian–Ordovician boundary. The brief increase in P concentrations at 
the bottom of the profile is possibly related to an upwelling event (Föllmi, 1996; Gao et 
al., 2018) since upwelling can be driven not only by ice-cap melting but also by wind and 
tectonic activities (Anderson et al., 2009). Contributions from falling phosphatic fecal 
pellets from top of the water column and microaggregates of phosphatic algae (e.g., 
Azmy et al., 2014) could also explain the enrichment. There is another pulse at the top of 
the whole profile correlated with enhanced Al, Si and REE input reflecting some 
influence of terrigenous inputs. This may suggest contributions from detrital organic 
matter, which is consistent with the parallel increase shown by the TOC profile (Fig. 3.3; 
Latimer and Filippelli, 2002). Unlike the lime mudstones spanning the Cambrian–
Ordovician Boundary in the GSSP section at Green Point, petrographic examinations did 
not reveal any occurrences of phosphatic algae in the carbonates of the HERB event 
interval of the current Martin Point study (Azmy et al., 2014).  
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The Sr profile (Fig. 3.3) shows a maximum value, immediately below the peak of 
the HERB 13C excursion, followed by a distinct decrease, after which values remain 
approximately unchanged upward. No diagenetic system has been known yet to cause 
such variations but a change from carbonates dominated by aragonite to those dominated 
by calcite is suggested as a possible scenario (e.g., Brand, 1991; Sunagawa et al., 2007).  
Eustasy influences oxygen levels in the water column, which control the redox 
proxies (e.g., Ce) by changing their oxidation state and solubility in seawater and 
consequently their concentrations in marine carbonates (e.g., Webb et al., 2009). The 
micritic (≤ 4 μm) to near-micritic (~ 10 μm) grain size of the investigated carbonates 
suggests a low water/rock interaction (insignificant alteration) and the Ce concentrations 
have insignificant correlation (R2 = 0.13) with Sr. Therefore, the Ce values are not 
significantly impacted by diagenesis and can be utilized to highlight the relative redox 
variations across the HERB event. The Ce anomaly (Ce/Ce*) has been proven to be a 
proxy of redox conditions (e.g., Bau and Dulski, 1996; Webb and Kamber, 2000; Azmy 
et al., 2015). In shallow oxic water, trivalent Ce is oxidized to trivalent Ce and absorbed 
on particle surfaces and/or form less soluble Ce4+ species (Bau and Dulski, 1996) leaving 
shallow oxic water depleted in Ce. The Ce/Ce* ratios (between 0.7 and 1.0, Table 3.1) of 
the investigated interval have a poor correlation with Sr (R2 = 0.13), thus suggesting 
insignificant influence by diagenesis. The Ce/Ce* anomalies at Martin Point are generally 
< 1 and likely reflect dysoxic (suboxic) conditions (e.g., Webb and Kamber, 2000). The 
Ce/Ce* profile (Fig. 3.3) shows a negative shift correlated with the peak of the HERB 
negative 13C excursion, which is consistent with the initial sea-level drop that enhanced 
the oxygenation of water and decreased Ce before it resumed rising. 
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Th/U ratios have also been known to be reliable proxies for redox conditions 
(Wignall and Twichett, 1996; Wignall et al., 2007) as they are found to increase with 
oxidizing conditions because U maintains the soluble U6+ higher state of oxidation 
whereas Th is not affected by changes in redox conditions. An earlier study (Azmy, 
2018a) indicated that the Th/U profile of the Martin Point section has a positive shift that 
correlates with the HERB negative 13C excursion, which is consistent with the observed 
Ce/Ce* shift related to a drop in sea-level and a brief oxygenation. 
The relative increases in Mn and Fe concentrations may reflect the variations in 
redox conditions because both elements are more soluble in their reduced states (Landing 
and Bruland, 1987) and thus become more enriched in seawater under dysoxic conditions 
compared with oxic shallow waters. The Mn and Fe concentrations vary from 142 to 649 
ppm and 785 to 6900 ppm, respectively (Table 3.1) and their concentrations are higher 
than those of modern warm shallow-water marine carbonates (Mn = 5.4 – 30 ppm and Fe 
= 1 – 20 ppm; Ichikuni, 1973; Veizer, 1974; Richter and Füchtbauer, 1978; Lorens, 1981; 
Brand et al., 2003). This is consistent with their enrichment in the investigated Martin 
Point slope carbonates (James and Stevens, 1986) and the interpreted dysoxic conditions 
(e.g., Azmy, 2018a). Meanwhile, the Mn and Fe profiles exhibit correlated positive 
excursions parallel to those exhibited by the Al, Si and REE (Fig. 3.3), thus reflecting 
an overprint of terrigenous inputs (e.g., Rao and Adabi, 1992). However, the Mn and Fe 
concentrations can be normalized by aluminum to eliminate the influence of detrital 
fraction and be utilized as proxies of redox conditions (Clarkson et al., 2014). The 
investigated Martin point carbonates have Mn/Al ratios between 0.1 and 0.9 and Fe/Al 
ratio between 0.4 and 4.5 (Table 3.1), which are considerably higher than those of the 
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upper continental crust (0.0075 and 0.44, respectively; McLennan, 2001). This may 
reflect the occurrence of Fe-Mn oxy-hydroxides (Pattan et al., 2013) that cannot form in 
anoxic environments but require at least dysoxic conditions (cf. Landing et al., 2002; 
Azmy, 2018a). 
The profiles of Al, Si, REE, Fe, Mn, Ni and P show upper positive shifts below 
the Cambrian–Ordovician boundary at the same stratigraphic level correlated with a 
negative subpeak on the 13Ccarb profile, thus suggesting an increase in terrigenous inputs 
around that time likely due to possible a minor drop in sea-level during an overall rise in 
sea-level. 
The mean concentrations of the investigated elemental proxies of the HERB 
carbonates and those of the Cambrian–Ordovician boundary (Table 3.1) in the Martin 
Point section are almost comparable (cf. Azmy et al., 2014, 2015) and therefore suggest 
no dramatic change in the elemental chemistry of the seawater at least through the late 
Cambrian and the lowermost Ordovician. However, the Sr shows a considerable drop 
immediately below the peak of the HERB negative 13Ccarb excursion and remains low 
up-section and thorough the Cambrian–Ordovician boundary. Also, the mean Th/U value 
of the HERB carbonates (1.4; Table 3.1) is relatively higher than that of the Cambrian–
Ordovician carbonates (0.5; Table 3.1), which is consistent with the geochemical 
evidence of the sea-level drop at the peak of the HERB event and the relative decrease in 
dysoxic conditions. 
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4.3 Organic C- and N- Isotope  
The carbon and nitrogen isotopes of the organic matter have been used as reliable 
indicators to reflect redox states, terrigenous inputs, bioproductivity and the preservation 
of organic debris (e.g. Altabet and Francois, 1994; Amon et al., 2003; Çoban-Yıldızetal, 
2006; Quan et al., 2008; Yamaguchi et al., 2010; Quan et al., 2013; Azmy et al., 2015;). 
The TOC values vary between 0.02 and 0.7 wt. % (0.1 ± 0.1 wt. %; Table 3.1), which are 
significantly lower than those documented for the overlying (younger) carbonates (1.1 ± 
1.0 wt. %; Azmy et al., 2015) and shales (0.6 to 5.2 wt. %; Weaver and Macko, 1988) of 
the Cambrian–Ordovician GSSP boundary at Green Point. This may suggest significant 
lower organic productivity, at the same slope settings, during the HERB time interval. A 
drop in sea-level is expected to bring the lower boundary of the photic zone down and 
enhance primary productivity whereas a sea-level rise results in increased burial of 
organic matter in the relatively deeper settings and enrichments of 12C in buried organic 
matter.  
The peak of the of the HERB negative 13Ccarb excursion is correlated with a 
positive shift on the 13Corg profile (Fig. 3.3), thus suggesting contributions from detrital 
organic matter, which is relatively depleted in 12C, that overprinted the enhanced primary 
productivity caused by a sea-level drop particularly when primary productivity was 
generally low during the Late Cambrian as indicated by the very low TOC values (0.1 ± 
0.1 wt. %, Table 3.1). This scenario of increased organic matter is supported by the 
correlation of distinct enhancements in detrital inputs reflected by the positive shifts in 
the Al, Si, REE, and Ni profiles (Fig. 3.3). 
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The TOC profile shows insignificant variations except for a lower positive shift (~ 
0.4 %) that correlates with the start of general sea-level rise after the peak of the HERB 
negative 13Ccarb excursion and an upper shift (0.7 %) close to the Cambrian–Ordovician 
boundary (Fig. 3.3). Both shifts correlate with negative shifts on the 13Corg profile (Fig. 
3.3) and are associated with positive shifts on the Al, Si, and REE, thus reflecting 
episodes of relatively higher inputs of detrital organics and fast burial. 
The 15Norg values have been widely used as a proxy to determine organic matter 
sources and redox states (Yamaguchi et al., 2010; Quan et al., 2013; Ren et al., 2017), but 
this has to be taken with caution since the ocean N budget is complicated and influenced 
by several factors, such as the organic nitrogen (ON) from terrigenous fluxes, 
deterioration of ON, uptake of nitrogen by phytoplankton, N-fixation by cyanobacteria in 
surface waters, and denitrification. The values of 15Norg for the Martin Point section vary 
between 0.8 and 5.0 ‰ (3.0 ± 1.0 ‰; Fig. 3.3; Table 3.1), which is higher than those of  
terrestrial plants (Drechsler and Stiehl, 1977; Stiehl and Lehmann, 1980) but comparable 
to those of the modern Black Sea sediments (~ 3 ‰; Quan et al., 2008), thus suggesting 
at least dysoxic conditions (e.g., Azmy et al., 2015). This also implies that the 
contribution from terrestrial plants through terrigenous inputs under normal conditions is 
minimal, which is consistent with low diversity of land plants especially during the 
earliest Phanerozoic (Late Cambrian) (e.g. Meyers, 1994; Theissen et al., 2003).  
Microbial denitrification (reduction of NO3
- into N2) under oxygen-depleted 
conditions results in enrichment of 15N in organic matter (e.g., Sigman et al., 2009; 
Cremonese et al., 2013; Quan et al, 2013). The 15Norg profile of the Martin Point 
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carbonates (Fig. 3.3) shows a broad positive excursion (~ 2 ‰) that peaks at a 
stratigraphic level correlated with that of the HERB negative 13Ccarb excursion, which is 
associated with a sea-level drop. This is opposite to the expected trend but can be 
attributed to the influence of contributions from detrital organic matter (15N-enriched of 
marine origin) during a sea-level lowstand, which is also consistent with the correlated 
13Corg positive shift.  
The sea-level drop might have contributed to the uptake of 14N by phytoplankton 
that would leave seawater relatively more enriched in 15N and lead to a positive 15Norg 
shift of organic matter (Cline and Kaplan, 1975; Macko et al., 1993; Meyers and Lallier-
Vergès, 1999; Talbot and Laerdal, 2000). The short-term sea-level fluctuations inferred 
from the 13Ccarb subpeaks, the narrow sampling interval (as narrow as 10 cm), and the 
thinly-bedded carbonate interbeds alternating with shales (Azmy, 2018a) suggest that the 
enhancement in primary productivity caused by minor drops in sea-level throughout an 
overall sea-level rise was possibly not enough to overprint the influence of detrital 
organic matter on the 13Corg and 15Norg signatures. 
In summary, the stable isotope geochemistry of the carbonates and organic matter, 
as well as the trace element concentrations of the Martin Point carbonates suggest that the 
main (first order) trend of sea-level rise during Late Cambrian had a minor distinct sea-
level fall associated with the HERB event. 
The sea-level fall was associated with recognizable negative 13Ccarb shifts (Azmy 
2018a, Fig. 3.3) caused by bringing oxygen-rich shallow water in contact with organic 
matter that was buried at depth before the sea-level drop. The falling sea-level led to 
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increased land exposure, which enhanced the input of weathered crustal rocks into the 
ocean. This is reflected by positive shifts of the Al, Si, Fe, Mn, Ni, REE, and Th/U 
profiles and a negative shift of the Ce/Ce* profile due to the increase of the 
concentrations of those crust-enriched elements in the investigated marine carbonates and 
a relative increase in oxygen level in the top water column. The P profile peaks before the 
proposed HERB sea-level drop suggesting possible contributions from falling phosphatic 
fecal pellets or traces of phosphatic algae (e.g., Azmy et al., 2014) that were not detected 
by regular petrographic examinations of thin sections. On the other hand, the peak at the 
top of the P profile is associated with positive shifts in the Al, Si, Fe, Mn, Ni, and REE 
profiles suggesting contributions from weathered material of land sources. 
The change in the sea-level impacted the primary productivity and the inputs of 
recycled organic matter in the weathered material that accordingly led to variations in the 
TOC budget and C- and N- isotope signatures. These variations were reflected in 
recognizable shifts on the 13Corg and 15Norg profiles. 
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Chapter 5 
Conclusion 
The petrographic and geochemical examinations prove the preservation of 
samples at least near-primary trace element signatures and C- and N- isotope 
compositions of organic matter from the lime mudstone interbeds of the slope rhythmites 
spanning the Upper Cambrian section at Martin Point, western Newfoundland. The 
signatures can therefore be utilized as proxies to investigate the changes in redox 
condition, bioproductivity, and terrigenous input in response to sea-level variations.  
The trace element profiles of Al, Si, REE, Fe, Mn, and Ce/Ce* profiles exhibit 
consistent shifts correlated with the peak of the HERB negative 13Ccarb excursion 
documented by earlier studies, which is consistent with a sea-level drop, a more oxic 
depositional environment, and increased contributions from terrigenous inputs. 
The associated positive shifts exhibited by Fe and Mn reflect overprinting by 
terrigenous inputs rather than a change in redox condition, which is consistent with the 
correlated Ce/Ce* negative shift and the earlier documented positive Th/U shift. 
The TOC values (0.1 ± 0.1 wt. %) of the carbonates spanning the HERB interval 
are significantly lower than those of the overlying Cambrian–Ordovician boundary, thus 
suggesting significant lower primary productivity. The 13Corg and 15Norg profiles show 
positive shifts correlated with the HERB negative 13Ccarb peak and enhancement in the 
Al, Si, and REE concentrations, thus suggesting contributions from detrital organic 
matter during a sea-level drop.  
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The mean 15Norg values (3.0 ± 1.0 ‰ air) are consistent with dysoxic conditions 
and suggest that contributions of detrital organic matter through terrigenous inputs were 
not from terrestrial plants but rather marine origin. 
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Appendix. Isotopic and elemental compositions of Martin Point carbonates. The 13Ccarb, Th/U and Ni data are from Azmy (2018). 
Trace elements and rare earth elements concentrations in ppm. 
Sample id 
13Ccarb 
(‰ VPDB) 
13Corg 
(‰ VPDB) 
TOC 
wt. % 
15Norg 
(‰ Air) 
CaCO3  
wt. % 
MgCO3  
wt. % 
Al Si Fe Mn Sr P Ni Th U 
Cambrian-Ordovician boundary 
MP16 -0.9 -28.06 0.07 3.52 98.7 1.3 1158.1 2663.1 1598.3 648.6 228.9 93.2 2.0 0.53 1.56 
MP17 -0.8 -28.36 0.03 3.22 
           
MP18 0.1 
              
MP19 0.2 -29.22 0.53 1.02 98.6 1.4 945.6 2061.7 1072.8 186.8 290.8 125.4 2.1 0.49 0.80 
MP20 -1.3 -28.1 0.14 4.11 96.3 3.7 3546.7 5111.7 5594.1 297.2 151.5 173.1 3.4 
  
MP21 0.1 
              
MP22 0.1 -29.06 0.24 
 
98.3 1.7 2004.4 4551.5 2714.9 141.6 274.5 175.3 2.9 0.70 1.65 
MP23 -0.6 -29.02 0.10 
 
98.3 1.7 1326.8 3160.3 1567.6 300.6 301.3 141.7 1.4 0.32 0.63 
MP24 0.5 -29.62 0.34 
            
MP25 0.1 -27.12 0.13 2.91 
           
MP26 1.0 -28.04 0.12 2.69 99.0 1.0 633.9 1393.7 905.9 168.9 247.2 119.5 2.0 0.24 0.32 
MP27 0.3 -29.26 0.17 
            
MP28 0.3 
   
98.8 1.2 3364.3 2289.6 1413.7 586.2 283.0 180.4 2.8 0.24 0.35 
MP29 0.5 
              
MP30 0.7 -28.9 0.13 
 
98.9 1.1 822.7 1744.3 928.4 200.9 284.3 120.6 2.4 0.22 0.83 
HERB interval 
              
MH1 0.6 -30.41 0.11 2.98 98.5 1.5 1346.5 2119.8 1545.8 150.0 687.4 125.9 3.1 0.58 0.35 
MH2 0.1 -29.49 0.07 3.93 
           
MH3 -0.7 -29.10 0.07 
 
98.6 1.4 1668.1 2446.5 2477.9 335.1 536.4 182.6 3.6 0.66 0.41 
MH4 -0.1 -29.54 0.08 3.47 
           
MH5 -0.3 -28.63 0.12 3.67 98.2 1.8 613.6 1245.7 2747.4 253.4 979.8 251.9 4.1 0.24 0.19 
MH6 -1.1 -28.70 0.06 
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MH7 -1.9 -28.18 0.06 3.99 98.5 1.5 1785.1 3097.6 4603.7 271.4 596.4 85.3 3.9 0.61 0.22 
MH8 -1.7 
              
MH9 -1.7 -27.95 0.07 3.91 98.4 1.6 1966.6 3164.6 4932.1 338.9 498.2 123.4 5.2 0.85 0.22 
MH10 -1.7 
              
MH11 -1.9 -28.32 0.08 4.95 98.2 1.8 2672.2 3433.0 5200.6 433.0 233.5 145.3 6.3 2.15 0.43 
MH12 -0.7 -30.42 0.39 2.74 
           
MH13 -1.2 -27.78 0.02 
            
MH14 -1.3 
              
MH15 -1.4 
  
3.72 97.9 2.1 3202.3 4478.2 6900.3 571.5 186.9 115.2 5.4 1.19 0.33 
MH16 -1.4 -29.91 0.15 3.29 
           
MH17 -1.1 
              
MH18 -0.6 -30.51 0.12 
 
98.9 1.1 1037.7 2102.2 1325.6 386.8 216.4 128.5 8.5 0.55 1.98 
MH19 -2.1 -27.97 0.12 2.93 97.2 2.8 2399.7 3329.4 3851.7 438.2 165.0 158.6 3.7 0.88 0.97 
MH20 -1.2 
              
MH21 -1.1 -29.19 0.04 
            
MH22 -0.7 -28.91 0.07 3.97 
           
MH23 -0.7 
              
MH24 -0.6 -29.16 0.05 
 
98.9 1.1 891.7 1697.8 1073.5 227.9 237.7 113.4 2.7 0.39 0.94 
MH25 -0.7 -28.59 0.03 3.20 
           
MH26 -0.2 -28.46 0.12 
            
MH27 -0.8 -28.31 0.02 
            
MH28 -0.3 -29.01 0.03 2.59 
           
MH29 -1.3 
  
0.81 98.8 1.2 1103.2 2135.0 1465.3 562.0 217.8 142.1 2.7 0.43 3.57 
MH30 -1.1 
              
MH31 -0.2 
  
2.13 
           
MH32 0.2 -28.68 0.06 1.42 98.7 1.3 833.1 1621.1 1026.9 183.4 231.3 94.4 2.4 0.23 0.95 
MH33 -0.1 -28.33 0.05 
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MP1 -0.9 -29.61 0.08 
            
MP2 -1.5 -29.63 0.03 
 
98.8 1.2 819.7 1938.1 1027.4 291.5 310.1 85.9 1.9 0.14 0.82 
MP3 0.1 -29.61 0.09 
            
MP4 0.3 
              
MP5 0.6 -28.51 0.17 
 
99.0 1.0 680.8 1431.7 904.2 523.1 249.9 150.1 2.1 0.21 1.60 
MP6 -0.7 -29.39 0.07 
            
MP7 -0.3 -29.45 0.06 2.72 
           
MP8 -1.1 -29.44 0.09 2.25 97.3 2.7 1991.9 3821.4 2335.6 360.3 262.2 205.2 3.6 0.58 2.14 
MP9 -0.5 -28.2 0.05 2.52 
           
MP10 0.5 -29.62 0.06 
 
98.9 1.1 794.1 1680.8 1018.9 569.0 247.5 191.4 2.3 0.27 0.75 
MP11 0.2 -29.86 0.73 
            
MP12 0.3 -29.29 0.14 
            
MP13 0.8 
              
MP14 1.0 -29.58 0.09 2.39 99.0 1.0 611.0 1362.0 784.9 568.5 193.6 115.8 7.3 1.49 2.63 
MP15 1.0 -29.61 0.27             
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Sample id La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu REE 
Cambrian–Ordovician boundary 
MP16 18.587 28.191 3.455 12.738 2.171 0.507 1.979 0.334 1.859 0.432 1.159 0.187 0.950 0.149 72.7 
MP17 
               
MP18 
               
MP19 7.082 11.070 1.320 5.418 0.875 0.238 0.675 0.146 0.746 0.164 0.340 0.088 0.261 0.071 28.5 
MP20 17.908 33.406 3.770 14.952 2.489 0.523 1.900 0.294 1.814 0.341 0.971 0.124 0.729 0.103 79.3 
MP21 
               
MP22 15.910 28.042 2.916 11.336 1.992 0.478 1.630 0.202 1.625 0.342 0.927 0.130 0.690 0.104 66.3 
MP23 4.662 6.870 0.855 3.083 0.679 0.113 0.604 0.076 0.440 0.126 0.278 0.051 0.145 0.036 18.0 
MP24 
               
MP25 
               
MP26 5.182 8.817 1.082 3.840 0.674 0.185 0.440 0.078 0.569 0.118 0.268 0.044 0.214 0.044 21.6 
MP27 
               
MP28 8.355 13.555 1.713 6.130 0.978 0.273 0.864 0.143 0.858 0.206 0.587 0.060 0.390 0.082 34.2 
MP29 
               
MP30 4.974 7.801 0.900 3.518 0.599 0.104 0.504 0.081 0.445 0.102 0.200 0.024 0.168 0.024 19.4 
HERB interval 
MH1 6.008 10.341 1.358 4.872 0.857 0.185 0.636 0.094 0.560 0.113 0.296 0.045 0.219 0.042 25.6 
MH2 
               
MH3 11.272 20.795 2.207 8.624 1.247 0.287 1.347 0.190 1.175 0.297 0.901 0.125 0.618 0.093 49.2 
MH4 
               
MH5 10.516 13.294 1.779 6.843 0.988 0.241 0.826 0.119 0.646 0.138 0.328 0.041 0.166 0.050 36.0 
MH6 
               
MH7 12.797 20.602 2.378 9.035 1.425 0.297 1.148 0.167 1.029 0.211 0.578 0.090 0.504 0.052 50.3 
MH8 
               
MH9 13.000 21.667 2.696 9.777 1.575 0.304 1.175 0.170 1.050 0.222 0.602 0.066 0.441 0.075 52.8 
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MH10 
               
MH11 20.912 33.001 3.900 14.833 2.421 0.564 1.947 0.323 1.671 0.414 0.915 0.207 0.692 0.181 82.0 
MH12 
               
MH13 
               
MH14 
               
MH15 24.479 38.829 4.118 15.740 2.340 0.612 2.252 0.407 2.488 0.617 1.469 0.271 1.266 0.254 95.1 
MH16 
               
MH17 
               
MH18 10.396 19.648 2.185 8.109 1.562 0.328 1.277 0.260 1.415 0.315 0.764 0.142 0.727 0.131 47.3 
MH19 17.033 26.614 3.055 12.135 1.958 0.453 1.878 0.280 1.765 0.433 1.116 0.184 0.849 0.132 67.9 
MH20 
               
MH21 
               
MH22 
               
MH23 
               
MH24 8.172 14.037 1.402 5.926 0.976 0.227 0.830 0.122 0.904 0.156 0.494 0.061 0.404 0.081 33.8 
MH25 
               
MH26 
               
MH27 
               
MH28 
               
MH29 19.051 33.114 3.470 14.506 2.320 0.539 2.158 0.354 2.422 0.538 1.338 0.199 1.192 0.177 81.4 
MH30 
               
MH31 
               
MH32 7.432 10.254 1.269 4.647 0.797 0.200 0.632 0.097 0.675 0.114 0.326 0.055 0.253 0.047 26.8 
MH33 
               
MP1 
               
MP2 7.506 10.631 1.171 4.643 0.637 0.158 0.576 0.094 0.600 0.150 0.314 0.049 0.315 0.049 26.9 
MP3 
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MP4 
               
MP5 5.987 9.678 1.147 4.628 0.740 0.190 0.683 0.104 0.605 0.111 0.392 0.051 0.296 0.029 24.6 
MP6 
               
MP7 
               
MP8 15.212 23.592 2.872 11.569 2.070 0.425 1.662 0.212 1.455 0.311 0.797 0.094 0.547 0.091 60.9 
MP9 
               
MP10 7.329 11.216 1.411 5.629 0.891 0.210 0.615 0.115 0.701 0.147 0.375 0.051 0.251 0.052 29.0 
MP11 
               
MP12 
               
MP13 
               
MP14 9.136 13.698 1.676 6.153 1.112 0.457 1.010 0.308 1.046 0.408 0.671 0.309 0.564 0.275 36.8 
MP15                               
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ABSTRACT 
The Martin Point section (western Newfoundland, Canada) spans the uppermost 
Cambrian Broom Point and Martin Point members of the Green Point Formation (upper 
Furongian). The investigated interval (~ 90 m) consists of rhythmites of thinly-bedded 
marine carbonates (lime mudstones) alternating with green and black shale and thin 
conglomerate beds. Samples were extracted from the micritic carbonates and their 
preservation was evaluated by multiple petrographic and geochemical examinations. The 
13Corg profile exhibits a positive shift (~ 2 ‰) associated with the globally well 
documented negative 13Ccarb HERB (Hellnmaria – Red Tops Boundary) excursion and 
correlated with similar distinct shifts in the Al, Si, and REE components, thus 
suggesting contributions from detrital organic matter relatively depleted in 12C induced 
likely by an eustatic sea-level drop and enhancement of terrigenous inputs. Similarly, the 
15Norg variations are consistent with the proposed sea-level drop. This is also correlated 
with positive shifts on the Fe and Mn profiles reflecting the overprint of terrigenous 
inputs rather than redox conditions.  
KEYWORDS elemental proxies, HERB event, organic C- and N- isotope, redox 
condition, rhythmites, Upper Furongian, Western Newfoundland (Canada) 
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1 INTRODUCTION 
The geochemistry of well-preserved carbonates has been a useful tool to better 
understand the paleoenvironmental conditions that prevailed during the Earth’s history 
(e.g., Halverson, Hoffman, Schrag, Maloof & Rice, 2005; Śliwiński, Whalen & Day, 
2010; Veizer et al., 1999; Wignall & Twitchett, 1996). Therefore, primary/near primary 
signatures are the essential factors to reconstruct the paleoenvironmental conditions.  
Global sea-level variations during the late Cambrian not only influenced seawater 
redox condition and primary productivity (e.g., Azmy, Kendall, Brand, Stouge, & 
Gordon, 2015; Landing, 2012, 2013; Terfelt, Bagnoli, & Stouge, 2012; Terfelt, Eriksson, 
& Schmitz, 2014), but also altered the continental inputs and subsequently the contents of 
trace elements in marine deposits, which caused the change in P, Si, Al, U, Ni, and REE 
contents (e.g., Arnaboldi & Meyers, 2007; Murphy, Sageman, Hollander, Lyons, & Brett, 
2000; Piper & Calvert, 2009; Wignall & Twitchett, 1996; Wignall et al., 2007). The 
increase of oxygen level in seawater is associated with oxidation of organic matter and 
consequently variations in the 13C of carbonates and in total organic content (TOC) and 
C- and N- isotope compositions of the organic matter (e.g., Kump et al., 2011; Quan, van 
de Schootbrugge, Field, Rosenthal, & Falkowski, 2008). Changes in redox conditions can 
be reflected by the uranium concentrations and Ce-anomalies of marine carbonates (e.g., 
Azmy et al., 2015; Bau & Dulski, 1996; Ling et al., 2011; Nakada, Takahashi & 
Tanimizu, 2013; Towe, 1991). The investigated interval of Martin Point consists of slope 
deposits of rhythmites of mainly alternating thinly-bedded lime mudstones and shales 
that were deposited under dysoxic (suboxic) conditions (e.g., Azmy et al., 2015; Azmy, 
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2018; James & Stevens, 1986; Landing, Geyer, & Bartowski, 2002; Landing, 2013). The 
main objectives of this study are: 
(1) to investigate the C- and N- isotope compositions of the organic matter in the 
lime mudstone interbeds to better understand the control of sea-level changes on their 
signatures as paleoredox proxies during the late Cambrian, particularly the HERB event 
(Azmy, 2018; Landing, Westrop & Adrain, 2011; Miller, Evans, Freeman, Ripperdan & 
Taylor, 2011;) and reconstruct the global paleoenvironmental changes (climatic and 
oceanographic) that prevailed during that time interval (Buggisch, Keller & Lehnert, 
2003; Li et al., 2017; Miller, Repetski, Nicoll, Nowlan & Ethington, 2014; Ripperdan, 
Magaritz & Kirschvink, 1993) and  
(2) to investigate the influence of sea-level changes on trace element 
geochemistry of the seawater and consequently those carbonates caused by changes in 
terrestrial inputs and primary productivity. 
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2 GEOLOGICAL SETTING  
The carbonates of the Martin Point Member constitute the lower part of the Green 
Point Formation, a part of the Cow Head Group, in western Newfoundland (within the 
northeast Canadian Appalachians), where they were deposited on the eastern Laurentian 
Margin (Figure 1; James, Stevens, Barnes & Knight, 1989). The Laurentian Plate was 
formed by an active rifting around ca. 570 Ma, experienced the continued rifting along 
the Iapetan margin at 540-535 Ma that continued into the late early Cambrian (ca. 520 
Ma) and locally into the Middle Cambrian (Cawood, McCausland & Dunning, 2001; 
Landing, 2012, 2013; Landing & Webster, 2018), and then developed a pre-platform 
shelf covered by clastic sediments (James et al., 1989). During the late Cambrian, a major 
sea-level rising resulted in the thick transgressive carbonate deposits (Landing, 2007; 
Wilson, Medlock, Fritz, Canter & Geesaman, 1992) that were swept off the shelf to form 
the on-slope Cow Head Group. The outcrops of the Green Point Formation are extensive 
along western Newfoundland and well exposed at Martin Point, but also occur at Western 
Brook Pond and St. Pauls Inlet (Figure 1; Schuchert & Dunbar, 1934). 
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Figure 1. Map of the research area showing the surface geology and the location of the 
Martin Point section (49° 40′ 51″ N; 57° 57′ 36″ W) in western Newfoundland, Canada 
(modified from Cooper et al. 2001). 
 
 
 
 
 
 
78 
 
3 STRATIGRAPHY 
3.1 Lithostratigraphy   
James and Stevens (1986) have discussed in detail the lithostratigraphy of Martin Point 
section (Figure 2), which is a part of the Green Point Formation of the Cow Head Group. 
The Green Point Formation includes the Upper Cambrian Martin Point Member and the 
overlying lowermost Ordovician Broom Point Member. The Martin Point Member 
consists of 80‒100 m of rhythmites of thinly-bedded green and black shale, interspersed 
with siltstone, alternating with ribbon limestone (micritic to near-micritic) and thin 
conglomerate interbeds may also occasionally occur. The lime mudstone interbeds may 
occur isolated or combined with shale counterparts, which are up to 20 cm thick. The 
conglomerate beds consist of shallow-water carbonate clasts that were transported into 
the deeper-water environments along the slope of the Laurentian margin (James & 
Stevens, 1986). The Broom Point Member is ~ 80 m thick and dominated by ribbon to 
parted limestone with few siltstone, sandstone, conglomerate and red shales. The 
limestone interbeds of the Broom Point Member are thicker and better developed than 
those in the Martin Point Member and mostly lime mudstone with fine-grained peloidal 
calcarenite. Some of the limestone is replaced by brown weathering nodular to bedded 
chert (James & Stevens, 1986). 
3.2 Biostratigraphy 
The faunal occurrences in the Martin Point section are limited compared to their 
counterparts of the same age in other sections. The investigated section has conodont 
Zone (Figure 2) that include, in ascending order, the Proconodontus muelleri, 
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Eoconodontus notchpeakensis, Cordylodus proavus and Cordylodus caboti zones (Azmy, 
2018; Barnes, 1988; Ludvigsen, 1982; James & Stevens, 1986; Miller et al., 2014).  
The deposits of the Martin Point section have recorded only two species of 
graptolites (Rhabdinopora flabelliforme and Staurograptus dichotomus) that were found 
just above the base of the Broom Point Formation (Barnes, 1988). The occurrences of R. 
cf. praeparabola, R. cf. parabola, and Aletograptus were documented by Erdtmann 
(1971) on the top of the Broom Point Member, but trilobites are rare at Martin Point, only 
Hungia magnifica is found in the basal beds (Barnes, 1988). 
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Figure 2. Stratigraphic framework of the investigated Martin Point section in western 
Newfoundland, Canada, illustrating bed number and detailed measured positions of 
samples and conodont zonation scheme (Barnes, 1988). Abbreviations: C. proavus = 
Cordylodus proavus; C. caboti = Cordylodus caboti; Tremad = Tremadocian. 
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4 METHODOLOGY  
4.1 Sample preparation    
Fifty-one samples were collected at high resolution (sampling intervals as small as 10 
cm; Figure 2) mainly from the upper Martin Point Member at the Martin Point (49° 40′ 
51″ N; 57° 57′ 36″ W) in western Newfoundland (Figure 1). The samples were taken 
from the most micritic (< 10 μm) and laminated lime mudstone interbeds to avoid the 
influence from allochthonous clasts, dolomites and recrystallized carbonate. Thin 
sections were cut and stained with Alizarin Red-S and potassium ferricyanide solutions 
(Dickson, 1966) to differentiate between dolomicrite and lime mudstones. 
Cathodoluminescence (CL) observations were performed by a Technosyn 8200 
MKII cold cathode instrument operated at 8 kV accelerating voltage and 0.7 mA current. 
Mirror-image slabs of each thin section were polished for micro-sampling. Polished slabs 
were washed with deionized water to remove contaminants associated with processing 
and dried overnight in oven at 40 ℃. Sample powder was extracted from the most 
micritic spots by a microdrill under a binocular microscope for geochemical analyses.  
The most micritic samples were selected at close interval (Appendix 1 –See 
Supplementary material), particularly from the interval that spans the peak of the 
negative excursion of the HERB event (See Azmy, 2018, Figure 2), for organic 13C and 
15N and trace element measurements (Figure 2). 
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4.2 Isotope analysis    
For TOC and organic C- and N-isotope analysis, ~ 7 to 15 grams of powder were 
digested in 20 % (v/v) HCl repeatedly to remove carbonates. The remaining residue was 
separated by centrifugation and decantation and washed by deionized water for at least 3 
times. It was subsequently dried overnight at ~ 40 ℃. The 13Corg values were measured 
through a Carlo Erba Elemental Analyzer (EA) coupled with a Thermofinnigan DELTA 
V plus isotope ratio mass spectrometer. The TOC values were calculated from the peak 
area of the individual analyses based on mass. The results (σ < 0.25) were calibrated by 
the standards L-glutamic acid (13CVPDB = -26.74 ± 0.06 ‰ VPDB), SPEX CaCO3 
(13CVPDB = -21.02 ± 0.10 ‰ VPDB), Suprapur CaCO3 (13CVPDB = -40.11 ± 0.15 ‰ 
VPDB) and B2153 low org soil (13CVPDB = -26.71 ± 0.24 ‰ VPDB). The 15Norg values 
were measured by VARIO ISOTOPE CUBE (ELEMENTAR) connected to a 
Thermofinnigan DELTA V plus isotope ratio mass spectrometer at the isotope laboratory 
of Memorial University of Newfoundland. The results (σ < 0.15) were normalized to the 
standards IAEA-N-1 (15Nair = 0.43 ± 0.07 ‰ air), IAEA-N2 (15Nair = 20.32 ± 0.09 ‰ 
air) and B2151 high-organic sediment (15Nair = 4.35 ± 0.20 ‰ air).  
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4.3 Element analysis    
For elemental analysis, 25 samples (10 mg each) were extracted by a slow-speed 
microdrill and processed in 5 % (v/v) acetic acid for 70 ─ 80 mins and measured by an 
Elan DRC II ICP-MS (Perkin Elmer SCIEX) at Memorial University of Newfoundland to 
measure major and trace elements including rare earth elements (REEs). The uncertainty 
is better than 5 % and the results are calibrated to 100 % carbonate basis (e.g., Veizer et 
al., 1999). The Ce anomaly (Ce/Ce*) was calculated based on the equation [(Ce/Ce*)SN = 
CeSN/(0.5LaSN + 0.5PrSN)] (Bau & Dulski, 1996). The REE concentrations were 
normalized to Post Archean Australian Shale (PAAS; McLennan, 1989). 
 
Figure 3. Photomicrographs of the investigated carbonates showing (a) micritic lime 
mudstones (Sample MP 28) cut by a fracture filled with a late burial cement and (b) CL 
image of (a) showing dull to non-CL micritic lime mudstone and cement. Detail in text. 
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Table 1. Summary of statistics of isotopic and elemental geochemistry of the investigated lime mudstones of the Martin Point section. 
Th/U and Ni datum are reproduced from Azmy (2018). 
 
13Corg  
(‰VPDB) 
wt. % 
TOC 
15Norg 
(Air) 
P 
(ppm) 
Ni 
(ppm) 
Sr 
(ppm) 
Ce/Ce* Th/U 
REE 
(ppm) 
Si 
(ppm) 
Al 
(ppm) 
Mn 
(ppm) 
Fe 
(ppm) 
Mn/Al Fe/Al 
Cambrian–Ordovician boundary 
n 11 11 6 8 8 8 8 7 8 8 8 8 8 8 8 
Mean -28.6 0.2 2.9 141.2 2.4 257.7 0.9 0.5 42.5 2872.0 1725.3 316.3 1974.5 0.2 1.2 
Stdev 0.7 0.1 1.1 32.0 0.6 49.1 0.1 0.2 25.8 1331.8 1144.9 195.0 1573.0 0.2 0.4 
Max -27.1 0.5 4.1 180.4 3.4 301.3 0.9 0.7 79.3 5111.7 3546.7 648.6 5594.1 0.6 1.6 
Min -29.6 0.0 1.0 93.2 1.4 151.5 0.8 0.3 18.0 1393.7 633.9 141.6 905.9 0.1 0.4 
HERB interval 
n 36 36 21 17 17 17 17 17 17 17 17 17 17 17 17 
Mean  -29.1 0.1 3.0 142.0 4.1 355.9 0.8 1.4 48.6 2417.9 1436.3 380.2 2542.5 0.3 1.7 
Stdev 0.7 0.1 1.0 44.8 1.9 226.1 0.1 1.5 22.1 960.2 790.5 141.9 1875.8 0.3 0.9 
Max -27.8 0.7 5.0 251.9 8.5 979.8 1 5.1 95.1 4478.2 3202.3 571.5 6900.3 0.9 4.5 
Min -30.5 0.0 0.8 85.5 1.9 165.0 0.7 0.1 24.6 1245.7 611.0 150.0 784.9 0.1 1.1 
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5 RESULTS   
Petrographic examinations illustrate that the selected samples are dominated by micritic 
(< 4 μm) to near-micritic (~ 10 μm) lime mudstone and are dull to non-luminescent under 
CL (Figure 3a─b). Table 1 summarizes the statistics of geochemical results of the 
investigated Martin Point lime mudstones and the detailed values are listed in the 
Supplementary material. The investigated Martin Point section spans the HERB event of 
the late Cambrian (e.g., Buggisch et al., 2003; Miller et al., 2014) and the Cambrian–
Ordovician boundary (e.g., Azmy, Stouge, Brand, Bagnoli & Ripperdan, 2014; Azmy et 
al., 2015). The mean values of the investigated geochemical proxies of both intervals 
(Table 1) are almost comparable although the profiles of most of the proxies show 
relatively faster and sharper fluctuations during the Cambrian–Ordovician boundary 
(Azmy et al., 2015) compared to those across the HERB event. The geochemical 
variations across the Cambrian–Ordovician boundary have been discussed in detail by 
Azmy et al. (2014, 2015) and therefore the focus of the current study will be on the 
geochemistry of the carbonates of the interval spanning the HERB event.  
The total organic contents (TOC; 0.1 ± 0.1 wt. %) vary between 0.02 and 0.7 
wt. % and their 13Corg values (-29.1 ± 0.7 ‰ VPDB) range from -30.5 to -27.8 ‰ 
(VPDB; Table 1). They exhibit insignificant correlations (R2 = 0.129, Figure 4a). The 
13Corg profile exhibits a positive shift (~ 2 ‰) that correlates with a slight decrease in the 
TOC contents (Figure 5 all profiles). These variations are correlated with the peak of the 
HERB 13Ccarb excursion (Figure 5) documented by Azmy (2018) from the same 
investigated samples. 
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The 15Norg values (3.0 ± 1.0 ‰ air) range between +0.8 ‰ and +5.0 ‰ (Table 1), 
which have a slightly wider spectrum than that documented for the present-day Black Sea 
sediments (~2.5 ‰ to 3.6 ‰; Çoban-Yıldızetal, Altabet , Yılmaz & Tuğrul, 2006; Fry et 
al., 1991) and they exhibit a general insignificant correlation with their TOC counterparts 
(R2 = 0.004; Figure 4b). The 15Norg profile shows a parallel variation with that of the 
13Corg and also exhibits a comparable positive excursion (~ 2 ‰; Figure 5) associated 
with the stratigraphic level of the HERB event (Azmy, 2018). 
The Sr concentrations vary between 165 and 980 ppm and their profile shows 
distinct decrease (Figure 5) above the peak of the HERB 13Ccarb excursion documented 
by Azmy (2018). 
The concentrations of other paleoenvironmental proxies (e.g., Acharya, Panigrahi, Gupta, 
& Tripathy, 2015; Pattan et al., 2013; Śliwiński et al., 2010) such as Al, Si, P, Fe, Mn, 
Ce/Ce* and REE, are summarized in Table 1 and their profiles (Figure 5) exhibit distinct 
variations associated with the stratigraphic interval that spans the peak of the HERB 
event (Azmy, 2018).  
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Figure 4 Scatter diagrams showing insignificant correlations of (a) 13Corg and (b) 15Norg 
with TOC spanning the HERB event. 
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Figure 5 The profiles of 13Ccarb, 13Corg, TOC, 15Norg, P, Ni, Sr, Ce/Ce*, Th/U, Mn, Fe, REE, Si and Al across the HERB event in 
Martin Point section. The 13Ccarb, Th/U and Ni profiles are reproduced from Azmy (2018). The highlighted horizon (grey band) 
marks the peak area of the HERB 13Ccarb profile. 
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6 DISCUSSION  
6.1 Diagenetic influence  
The preservation of the investigated samples has been discussed in detail by Azmy 
(2018) and is summarized below. The petrographic examination indicated that the 
samples are dominated by lime mudstones with almost pristine sedimentary fabrics and 
insignificant recrystallization (Figure 3). The grain size is mainly micritic to near-micritic 
(≤ 10 μm), suggesting a high degree of textural preservation and they exhibit dull to no 
luminescence (Figure 3). Luminescence in carbonates is activated by the enrichment of 
Mn, but, on the contrary, quenched by high concentrations of Fe (Machel & Burton, 
1991). Thus, the dull and non-CL images have to be interpreted with caution because 
they may reflect geochemical preservation or enrichment of Fe by diagenetic alteration 
(Rush & Chafetz, 1990). However, the investigated lime mudstones are known to have 
precipitated on a slope setting of lower oxygen than shallow water and sediments are 
therefore expected to be relatively more enriched in Fe and/or Mn (Azmy, 2018; 
Morrison & Brand, 1986). Thus, CL is a preliminary evaluation tool that should be 
combined with others to confirm sample preservation (Brand et al., 2011).  
Progressive burial of sediments is associated with an increase in temperature (> 
50 ℃), which results in thermal degradation of organic matter and a decrease in the TOC 
values. This is also associated with an increase in 15Norg and 13Corg values since 12C- 
and 14N- enriched organic compounds are released (e.g., Faure & Mensing, 2005; Popp, 
Parekh, Tilbrook, Bidigare & Laws, 1997; Saino & Hattori, 1980). The 13Corg values of 
the Martin Point carbonates show an insignificant correlation (R2 = 0.129) with their 
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TOC counterparts (Figure 4a) that argues against the scenario of organic matter 
degradation and is consistent with the petrographic evidence of preservation of the 
micritic fabric, thus supporting the preservation of the 13Corg signatures. Similarly, the 
very poor correlation (R2 = 0.004; Figure 4b) between the 15Norg and TOC values 
support at least near-primary 15Norg signatures. 
Diagenetic alteration, through water/rock interactions, during the burial history of 
carbonates is known to deplete some elements such as Sr but enrich others such as Mn, 
Fe, and Al. The Sr has poor correlation with Mn, Fe and Al (R2 = 0.317, 0.011 and 0.028, 
respectively; Figure 6a─c), which suggests an insignificant alteration by diagenesis. 
Microbial lime mudstones have been documented on Paleozoic slope settings at depths 
down to 300 m (e.g., Della Porta, Kenter, Bahamonde, Immenhauser & Villa, 2003), 
which suggests that the investigated slope carbonates of the Martin Point section (James 
& Stevens, 1986; Landing, 2013) might have had contributions from in situ lime muds 
(Azmy, 2018; James & Stevens, 1986; Landing, 2013) through microbial mediation (e.g., 
Bahamonde, Meno-Tomé & Heredia, 2007; Bartley, Kah, Frank & Lyons, 2015; Della 
Porta et al. 2003; George, 1999). The slope settings have oxygen-poor (dysoxic) 
conditions (Azmy, 2018) compared with those of oxic shallow-water settings and this 
may explain their enriched Mn and Fe contents (380 ± 142 ppm and 2543 ± 1876 ppm, 
respectively). Contaminations from hidden microrhombic bacterial pyrite during 
microsampling might have also contributed to the Fe contents. Thus, Mn and Fe contents 
are not the ideal proxies of diagenesis for slope carbonates, but yet they still exhibit 
insignificant correlations with their Sr counterparts in the investigated limestones (Figure 
6a─b). The strong correlation between Si and Al (R2 = 0.922; Figure 6d) may reflect an 
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influence of terrigenous input possibly during a sea-level drop, which is consistent with 
the sea-level variations documented by earlier studies (e.g., Azmy, 2018; Miller et al., 
2011).   
 
Figure 6 Scatter diagrams showing insignificant correlations of Sr with (a) Mn, (b) Fe, 
and (c) Al and (d) Si with Al spanning the HERB event. 
 
6.2 Elemental variation 
Variations in eustatic sea-level do not influence only the redox conditions and organic 
productivity but also the input of terrigenous sediments and nutrients in ocean, which is 
reflected in the associated changes in the concentrations of trace elements in marine 
sediments (e.g., Arnaboldi & Meyers, 2007; Cowan & James, 1993; Dickson, Cohen & 
Coe, 2011; Kimura, Azmy, Yamamuro, Zhi-Wen & Cizdziel, 2005; Piper & Calvert, 
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2009; Śliwiński et al., 2010; Wignall & Twitchett, 1996). An earlier study (Azmy, 2018) 
documented a noticeable negative 13Ccarb excursion (~ 3 ‰), associated with sea-level 
changes (Miller et al., 2011), that peaks at the base of the Eoconodontus notchpeakensis 
conodont Zone, which is near the bottom of bed 6 (Figure 5). Phosphorus and Ni have 
been proven to be reliable proxies of bioproductivity, whereas Ce/Ce*, Th/U, Fe and Mn 
contents are used for determining paleoredox condition (e.g., Arnaboldi & Meyers, 2007; 
Hatch & Leventhal, 1992; Morel, Milligan & Saito, 2004; Rue, Smith & Cutter, 1997; 
Śliwiński et al., 2010; Tribovillard, Algeo, Lyons & Riboulleau, 2006; Wignall & 
Twichett, 1996). Al and Si reflect the influence of terrestrial input in oceans (e.g., Govin 
et al., 2012; Zhao & Zheng, 2014). The biodiversity, particularly of shelly organisms, is 
expected to be lower on the slope settings (James & Stevens, 1986). Al, Si and total REE 
(REE) are enriched in the crustal rocks and they are therefore proxies of the terrigenous 
inputs in oceans (e.g., Śliwiński et al. 2010; Tripathy, Singh & Ramaswamy, 2014; 
Veizer, 1983). Their profiles, from the Martin Point section, exhibit parallel positive 
excursions (Figure 5) that are correlated with the HERB negative 13C excursion (Figure 
5) documented by Azmy (2018). The peak of the HERB 13C excursion was associated 
with a sea-level drop (Azmy, 2018; Miller et al., 2014), which most likely led to 
enhancement in the terrigenous inputs and resulted in enrichment of the Al, Si and REE 
in ocean water and also during precipitation of the marine carbonates. Nickel is a 
micronutrient and also a proxy of bioproductivity and it is captured by the organic matter 
in the water column (e.g., Calvert & Pedersen, 1993; Śliwiński et al., 2010). An earlier 
study (Azmy, 2018) indicated that no diagenetic overprint influenced the Ni signatures in 
the investigated Martin Point carbonates. The Martin Point Ni profile (Azmy, 2018) 
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shows a positive excursion parallel to those exhibited by AL, Si and REE counterparts 
(Figure 5) and also correlated with the HERB 13C excursion, which supports the 
scenario of increase of nutrients through terrigenous inputs during the sea-level drop 
before it resumed rising.  
The concentrations of P (142 ± 45 ppm, Table 1; Appendix 1) do not change 
considerably throughout the investigated interval. However, the P profile exhibits a 
relative enrichment (252 ppm, MH5, Appendix 1) at a level immediately below the peak 
of the HERB negative 13C excursion (Figure 5), but the concentrations decrease again 
until they approach the Cambrian–Ordovician boundary. The brief increase in P 
concentrations at the bottom of the profile is possibly related to an upwelling event 
(Föllmi, 1996; Gao et al., 2018) since upwelling can be driven not only by ice-cap 
melting but also by wind and tectonic activities (Anderson et al., 2009). Contributions 
from falling phosphatic fecal pellets from top of the water column and microaggregates 
of phosphatic algae (e.g., Azmy et al., 2014) could be also possible. However, there is 
another pulse at the top of the profile correlated with enhancement in the input of Al, Si 
and REE, which reflects some influence of terrigenous inputs. This may suggest 
contributions from detrital organic matter, which is consistent with the parallel increase 
shown by the TOC profile (Figure 5; Latimer & Filippelli, 2002). Unlike the lime 
mudstones spanning the Cambrian–Ordovician Boundary in the GSSP section at Green 
Point, petrographic examinations did not reveal any occurrences of phosphatic algae in 
the carbonates of the HERB event interval of the current study (Azmy et al., 2014).  
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The Sr contents (Figure 5) show a maximum value within the profile, 
immediately below the peak of the HERB 13C excursion, followed by a distinctive 
decrease and values remain approximately unchanged upward. No diagenetic system has 
been known yet to cause such consistent variations, but a change from carbonates 
dominated by aragonite to those by calcite is suggested to be a possible scenario since 
aragonite is known to have much higher contents of Sr relative to calcite (e.g., Brand, 
1991; Sunagawa, Takahashi & Imai, 2007).  
Eustasy influences the oxygen levels in water column, which controls the redox 
proxies (e.g., Ce) by changing their oxidation state and solubility in seawater and 
concequently their concentrations in marine carbonates (e.g., Webb, Nothdurft, Kamber, 
Kloprogge & Zhao, 2009). The micritic (≤ 4 μm) to near-micritic (~ 10 μm) grain size of 
the investigated carbonates suggest a low water/rock interaction (insignificant alteration) 
and the Ce concentrations have insignificant correlation (R2 = 0.084) with their Sr 
counterparts. Therefore, the Ce values are not significantly impacted by diagenesis and 
can be utilized at least to highlight the relative redox variations across the HERB event. 
The Ce anomaly (Ce/Ce*) has been proven to be a proxy of redox conditions (e.g., Azmy 
et al., 2015; Bau & Dulski, 1996; Webb & Kamber, 2000). In shallow oxic water, 
trivalent Ce is oxidized to tetravalent Ce and absorbed on particle surfaces and/or form 
less soluble Ce4+ species (Bau & Dulski, 1996) to leave shallow oxic water depleted in 
Ce. The Ce/Ce* ratios (between 0.7 and 1.0, Table 1) of the investigated interval have a 
poor correlation with their Sr counterparts (R2 = 0.1), thus suggesting insignificant 
influence by diagenesis. The Ce/Ce* are generally < 1 and likely reflect dysoxic 
(suboxic) conditions (e.g., Webb & Kamber, 2000). The Ce/Ce* profile (Figure 5) shows 
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a negative shift correlated with the peak of the HERB negative 13C excursion, which is 
consistent with the initial sea-level drop that enhanced the oxygenation of water and 
decrease of Ce before it resumed rising. 
Th/U ratios have been also known to be a reliable proxy for redox conditions 
(Wignall & Twichett, 1996; Wignall et al., 2007) and found to increase with oxidizing 
conditions, because U maintains the soluble U6+ higher state of oxidation, whereas Th is 
not affected by changes in redox conditions. An earlier study (Azmy, 2018) indicated that 
the Th/U profile of the Martin Point section has a positive shift that correlates with the 
HERB negative 13C excursion, which is consistent with the negative Ce/Ce* shift 
caused by a drop in sea-level and a brief oxygenation that relatively decreased the 
dysoxic conditions.  
The relative changes in Mn and Fe concentrations may reflect the variations in 
redox conditions because both elements are more soluble in their reduced states (Landing 
& Bruland, 1987) and thus become more enriched in seawater under dysoxic conditions 
compared with oxic shallow waters. The Mn and Fe contents vary from 150 to 572 ppm 
and 785 to 6900 ppm, respectively (Table 1) and their concentrations are higher than 
those of modern warm shallow-water marine carbonates (Mn = 5.4 ─ 30 ppm and Fe = 1 
─ 20 ppm; Brand, Logan, Hiller & Richardson, 2003; Ichikuni, 1973; Lorens, 1981; 
Richter & Füchtbauer, 1978; Veizer, 1974), which is consistent with their enrichment in 
the investigated Martin Point carbonates of slope settings (James & Stevens, 1986) and 
the suggested dysoxic conditions (e.g., Azmy, 2018). Meanwhile, the Mn and Fe profiles 
exhibit correlated positive excursions parallel to those exhibited by the Al, Si and REE 
(Figure 5), thus reflecting an overprint by the influence of terrigenous inputs (e.g., Rao & 
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Adabi, 1992). However, the Mn and Fe concentrations can be normalized by Al to 
eliminate the influence of detrital fraction and be utilized as proxies of redox condition 
(Clarkson, Poulton & Wood, 2014). The investigated Martin point carbonates have 
Mn/Al ratios between 0.1 and 0.9 and Fe/Al ratio between 1.1 and 4.5 (Table 1), which 
are considerably higher than those of the upper continental crust (0.0075 and 0.44, 
respectively; McLennan, 2001). This may reflect the occurrence of the Fe-Mn oxy-
hydroxides (Pattan et al., 2013) that cannot form in anoxic environment but at least 
dysoxic conditions (cf. Azmy, 2018; Landing et al., 2002). 
The profiles of Al, Si, REE, Fe, Mn, Ni and P show upper positive shifts below 
the Cambrian–Ordovician boundary at the same stratigraphic level correlated with a 
negative subpeak on the 13Ccarb profile, thus suggesting an increase in terrigenous inputs 
around that time likely due to possible a minor drop in sea-level along its main trend of 
rising. 
The mean concentrations of the investigated elemental proxies of the HERB 
carbonates and those of the Cambrian–Ordovician boundary (Table 1) in the Martin Point 
section are almost comparable (cf. Azmy et al., 2014, 2015) and therefore suggest no 
dramatic change in the elemental chemistry of the seawater at least through the late 
Cambrian and the lowermost Ordovician. However, the Sr shows an exceptional 
considerable drop at a level immediately below the peak of the HERB negative 13Ccarb 
excursion that remains low almost unchanged up-section and thorough the Cambrian–
Ordovician boundary. Also, the mean Th/U value of the HERB Carbonates (1.4; Table 1) 
is relatively higher than that of the Cambrian–Ordovician counterparts (0.5; Table 1), 
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which is consistent with the geochemical evidence of the sea-level drop at the peak of the 
HERB event and the relative decrease in dysoxic conditions. 
6.3 Organic C- and N- isotope  
The carbon and nitrogen isotopes of organic matter have been used as reliable indicators 
to reflect redox states, terrigenous inputs, bioproductivity and the preservation of organic 
debris (e.g., Altabet & Francois, 1994; Amon & Mean, 2003; Azmy et al. 2015; Çoban-
Yıldızetal et al., 2006; Quan et al., 2008; Quan, Wright & Falkowski, 2013; Yamaguchi 
et al., 2010). The TOC values vary between 0.02 and 0.7 wt. % (0.1 ± 0.1 wt. %; Table 
1), which are significantly lower than those documented for the overlying (younger) 
carbonates of the Cambrian–Ordovician GSSP boundary at Green Point (1.1 ± 1.0 wt. %; 
Azmy et al. 2015) and also shales (0.6 to 5.2 wt. %; Weaver & Macko, 1988). This may 
generally suggest significant lower organic productivity, at the same slope settings, 
during the HERB time interval. A drop in sea-level is expected to bring the photic zone 
lower boundary down and enhance primary productivity, whereas a sea-level rise results 
in more burial of organic matter in the relatively deeper settings and enrichments of 12C 
in buried organic matter.  
However, the peak of the of the HERB negative 13Ccarb excursion is correlated 
with a positive shift on the 13Corg profile (Figure 5), thus suggesting contributions from 
detrital organic matter, which is relatively depleted in 12C, that overprinted the 
enhancement of primary productivity caused by sea-level drop, particularly when primary 
productivity was generally low during the Late Cambrian, as indicated by the very low 
TOC values (0.1 ± 0.1 wt. %, Table 1). The scenario of detrital organic matter is 
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supported by the correlated distinct enhancement in detrital inputs reflected by the 
positive shifts on the profiles of Al, Si, REE, and Ni (Figure 5). 
This is also consistent with the TOC profile that shows almost insignificant 
variations except for a lower positive shift (~ 0.4 wt. %) that correlates with the start of 
general sea-level rise after the peak of the HERB negative 13Ccarb excursion and an 
upper shift (0.7 wt. %) close to the Cambrian–Ordovician boundary (Figure 5). Both 
shifts correlate with negative shifts on the 13Corg profile (Figure 5) and associated with 
positive shifts on the Al, Si, and REE, thus reflecting episodes of exceptional relative 
higher input of detrital organics and fast burial. 
The 15Norg values have been widely used as a proxy to determine the organic 
matter sources and redox states (Quan et al., 2013; Ren et al., 2017; Yamaguchi et al., 
2010), but this has to be taken with caution since the ocean N budget is complicated and 
influenced by several factors, such as the organic nitrogen (ON) from terrigenous fluxes, 
deterioration of ON, uptake of nitrogen by phytoplankton, N-fixation by cyanobacteria in 
surface waters, and denitrification. The values of 15Norg of the Martin Point section vary 
between 0.8 and 5.0 ‰ (3.0 ± 1.0 ‰; Figure 5; Table 1), which is higher than those of the 
terrestrial plants (Drechsler & Stiehl, 1977; Stiehl & Lehmann, 1980) but comparable to 
those of the modern Black Sea sediments (~ 3 ‰; Quan et al., 2008), thus suggesting at 
least dysoxic conditions (e.g., Azmy et al., 2015). This also implies that the contribution 
from terrestrial plants through terrigenous inputs is minimal, which is consistent with low 
diversity of land plants especially during the earliest Phanerozoic (Late Cambrian) (e.g., 
Meyers, 1994; Theissen, Dunbar & Cooper, 2003).  
 
 
99 
 
Microbial denitrification (reduction of NO3
- into N2) under oxygen-depleted 
conditions results in enrichment of 15N in organic matter (e.g., Cremonese et al., 2013; 
Quan et al., 2013; Sigman, Karsh & Casciotti, 2009). The 15Norg profile of the Martin 
Point carbonates (Figure 5) shows a broad positive excursion (~ 2 ‰) that peaks at a 
stratigraphic level correlated with that of the HERB negative 13Ccarb counterpart, which 
is associated with sea-level drop. This is opposite to the expected trend but can be 
attributed to the influence of contributions from detrital organic matter (15N-enriched of 
marine origin) during a sea-level lowstand, which is also consistent with the correlated 
13Corg positive shift.  
The drop of sea-level might have contributed with the uptake of 14N by 
phytoplankton that would leave seawater relatively more enriched in 15N and lead to 
positive 15Norg of organic matter (Cline & Kaplan, 1975; Macko, Engel & Parker, 1993; 
Meyer & Lallier-Vergès, 1999; Talbot & Laerdal, 2000). The short-term fluctuations of 
the sea-level inferred from the 13Ccarb subpeaks, narrow sampling interval (as narrow as 
10 cm), and thinly-bedded carbonate interbeds alternating with shales (Azmy, 2018) 
suggest that the enhancement in primary productivity caused by minor drops in sea-level 
throughout the main rising trend was possibly not enough to overprint the influence of 
detrital organic matter on the 13Corg and 15Norg signatures. 
In summary, the stable isotope geochemistry of carbonates (Azmy, 2018) and 
organic matter and trace element contents of the Martin point carbonates suggest that the 
main (first order) trend of sea-level rise during Late Cambrian had a lower distinct sea-
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level fall associated with the HERB event and an upper minor counterpart immediately 
below the Cambrian–Ordovician boundary.  
The sea-level falling was associated with recognizable negative 13Ccarb shifts 
(Azmy 2018, Figure 5) caused by bringing oxygen-rich shallow water in contact with 
organic matter that was buried at depth before the sea-level drop. The falling sea-level led 
to more exposure of land, which enhanced the inputs of weathered crustal rocks into the 
ocean. This is reflected by positive shifts on the Al, Si, Fe, Mn, Ni, REE, and Th/U 
profiles and a negative counterpart on the Ce*/Ce profile due to the increase of the 
concentrations of those crust-enriched elements in the investigated marine carbonates and 
a relative increase in oxygen level in the top water column. The P profile peaks before the 
proposed HERB sea-level drop suggesting contributions possibly from falling phosphatic 
fecal pellets or traces of phosphatic algae (e.g., Azmy et al., 2014) that were not detected 
by regular petrographic examinations of thin sections. On the other hand, the peak at the 
top of the P profile is associated with positive shifts in the Al, Si, Fe, Mn, Ni, and REE 
profiles suggesting contributions from weathered material of land sources. 
The change in the sea-level impacted the primary productivity and the inputs of 
recycled organic matter in the weathered material that accordingly led to variations in the 
TOC budget and C- and N-isotope signatures. These variations were reflected in 
recognizable shifts on the 13Corg and 15Norg profiles. 
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7 CONCLUSIONS 
The petrographic and geochemical examinations prove the preservation of at least near-
primary trace element signatures and C- and N-isotope compositions of organic matter of 
the lime mudstone interbeds of the slope rhythmites spanning the Upper Cambrian 
section at Martin Point, western Newfoundland. The signatures can be utilized as proxies 
to investigate the changes in redox condition, bioproductivity, and terrigenous input in 
response to sea-level variations.  
The trace element profiles of Al, Si, REE, Fe, Mn, and Ce/Ce* profiles exhibit 
consistent shifts correlated with the peak of the HERB negative 13Ccarb excursion 
documented by earlier studies, which is consistent with a sea-level drop, a change in 
relative dysoxic conditions, and contributions from terrigenous inputs. 
The associated positive shifts exhibited by the Fe and Mn reflect the overprint by 
the terrigenous input rather than redox condition, which is consistent with the correlated 
Ce/Ce* negative shift and the earlier documented positive Th/U shift. 
The TOC values (0.1 ± 0.1 wt. %) of the carbonates spanning the HERB interval 
are significantly lower than those of the overlying Cambrian–Ordovician boundary, thus 
suggesting significant lower primary productivity. The 13Corg and 15Norg profiles show 
positive shifts correlated with the HERB negative 13Ccarb peak and enhancement in the 
Al, Si, and REE concentrations, thus suggesting contributions from detrital organic 
matter during a sea-level drop.  
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The mean 15Norg values (3.0 ± 1.0 ‰ air) are consistent with dysoxic conditions 
and suggest that contributions of detrital organic matter through terrigenous inputs were 
not from terrestrial plants but rather marine origin. 
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